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‘‘…To some degree, an ecosystem is in the eye of the beholder.’’ 
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Introduction	  Within	  the	  tropics,	  about	  fifty	  percent	  of	  the	  world’s	  coastlines	  can	  be	  found	  (Birkeland,	  2001).	  	  Of	  that	  fifty	  percent,	  about	  one	  third	  of	  these	  tropical	  coastlines	  are	  made	  of	  coral	  reef,	  which	  means	  that	  coral	  reefs	  make	  up	  approximately	  16%	  of	  the	  world’s	  coastlines.	  Within	  just	  this	  16%	  of	  global	  coastlines,	  coral reef 
communities provide shelter to over a quarter of all fish populations in the ocean and to 
as many as two million different marine species (Shah, 2011). Economically speaking, 
the National Oceanic and Atmospheric Administration (NOAA) estimates the annual 
yield of coral reef ecosystems around the world to be between $172 and $375 billion for 
goods and services (Shah, 2011).  
Although coral reef communities are of great ecological importance and play an 
integral role in today’s economies, the presence and health of these communities have 
been significantly declining over the past few decades. To stop this decline and to 
continue to improve preservation and maintenance of coral reef communities, it is 
important to understand the mechanisms that are affecting the growth and health of these 
ecosystems. Within the Caribbean region, a number of studies are currently being carried 
out to assess and monitor coral reefs. However, long-term studies documenting changes 
in coral conditions have only been carried out in Jamaica and the Florida Keys (Burke, 
2004).  
The Lawrence University Marine Program (LUMP) is the first organization to 
document long-term changes in the corals found on Grand Cayman. This study uses data 
collected from 1998- 2012 by LUMP to explore temporal and spatial patterns within the 
fish and Scleractinian coral communities on these reefs. The goals of this study are to 
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explore the prominent characteristics of the communities at each dive site surveyed, as 
well as to see how these populations are changing over time. Ultimately this analysis can 
provide insights into what may be causing the observed changes in these important 
ecosystems. 	  
	  
History	  and	  Perspective	  of	  Coral	  Research	  The	  origins	  of	  modern	  corals	  date	  back	  to	  the	  Triassic	  Period.	  Over	  the	  past	  65	  million	  years,	  coral	  reefs	  have	  grown	  and	  evolved	  due	  to	  the	  influence	  of	  natural	  and	  anthropogenic	  environmental	  factors.	  	  Human	  interactions	  with	  coral	  reef	  environments	  can	  be	  traced	  back	  thousands	  of	  years	  through	  written	  and	  oral	  traditions	  (Richmond	  &	  Wolanski,	  2011).	  One	  example	  of	  such	  oral	  tradition	  is	  the	  Hawaiian	  creation	  chant	  entitled	  “Kumulipo”.	  Predating	  any	  written	  records	  in	  Hawaii,	  this	  chant	  references	  the	  beginning	  of	  the	  Earth	  and	  explains	  how	  “coral	  was	  the	  first	  stone	  in	  the	  foundation	  of	  the	  earth”	  (Beckwith,	  2013).	  More	  traditional	  ecological	  knowledge	  (TEK)	  exists	  in	  a	  variety	  of	  other	  cultures	  and	  can	  also	  be	  traced	  back	  through	  oral	  and	  hieroglyphic	  records	  (Richmond	  &	  Wolanski,	  2011).	  It	  was	  not	  until	  Aristotle’s	  time	  that	  written	  records	  of	  marine	  life	  were	  composed.	  Because	  of	  his	  early	  work,	  Aristotle	  (384	  BC	  to	  322	  BC)	  is	  often	  referred	  to	  as	  the	  father	  of	  marine	  biology	  and	  comparative	  physiology.	  He	  was	  the	  first	  to	  record	  his	  observations	  made	  on	  or	  near	  the	  Island	  of	  Lesbos	  in	  Ancient	  Greece.	  He	  recorded	  identifications	  of	  a	  variety	  of	  species,	  ranging	  from	  echinoderms	  to	  crustaceans	  to	  mollusks	  and	  even	  fish.	  	  Not	  only	  was	  Aristotle	  the	  first	  to	  write	  about	  his	  observations	  of	  marine	  life,	  he	  was	  also	  the	  first	  to	  record	  his	  work	  on	  the	  
	   3	  
anatomy	  and	  physiology	  of	  marine	  animals	  and	  to	  use	  a	  systematic	  taxonomy	  to	  classify	  these	  animals	  (Blits,	  1999).	  Following	  Captain	  Cook’s	  circumnavigation	  of	  the	  world,	  in	  which	  he	  logged	  descriptions	  of	  many	  plants	  and	  animals,	  many	  scientists	  began	  to	  study	  marine	  life	  more	  closely.	  One	  example	  of	  such	  early	  research	  is	  the	  famously	  debated	  topic	  of	  the	  role	  of	  subsidence	  in	  reef	  growth	  (Fautin,	  2002).	  During	  his	  1836	  expedition	  on	  the	  HMS	  Beagle,	  Charles	  Darwin	  was	  the	  first	  to	  speculate	  about	  the	  formation	  of	  atolls,	  ring-­‐shaped	  reefs,	  and	  the	  role	  subsidence	  plays	  in	  these	  formations.	  Subsidence	  is	  the	  geological	  process	  in	  which	  landforms	  gradually	  sink	  as	  a	  result	  of	  movements	  of	  the	  lithospheric	  plates	  (the	  outermost	  layer	  of	  the	  Earth’s	  crust).	  From	  his	  initial	  speculations	  of	  atolls,	  Darwin	  went	  on	  to	  conceive	  his	  subsidence	  theory	  of	  atoll	  formation	  and	  later	  published	  his	  findings	  in	  The	  Structure	  and	  
Distribution	  of	  Coral	  Reefs	  in	  1842	  (Grigg,	  1982).	  	  During	  his	  time	  aboard	  the	  HMS	  Beagle	  (1831-­‐1836)	  Darwin	  collected	  and	  studied	  many	  animals	  and	  formulated	  a	  number	  of	  theories,	  including	  those	  of	  natural	  selection	  and	  evolution.	  Darwin’s	  work	  preceded	  that	  of	  Professor	  James	  Dana	  (1813-­‐1895),	  who	  studied	  many	  of	  the	  islands	  in	  the	  South	  Pacific	  Ocean	  (Darwin,	  1874).	  Dana	  published	  his	  findings	  in	  a	  book	  titled	  Corals	  and	  Coral	  Islands	  in	  1872.	  Following	  the	  publications	  of	  James	  Dana,	  Sir	  Charles	  Wyville	  Thomson	  (1830-­‐1882)	  set	  out	  to	  lead	  a	  3-­‐year	  voyage	  upon	  the	  HMS	  Challenger	  (1873-­‐1876).	  During	  this	  voyage,	  often	  referred	  to	  as	  the	  birth	  of	  oceanography,	  thousands	  of	  marine	  specimens	  were	  observed	  and	  recorded	  along	  with	  the	  initial	  research	  in	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Corals	  
	   Coral	  reefs	  are	  marine	  ecosystems	  found	  within	  the	  shallow	  waters	  of	  the	  tropics.	  Characterized	  by	  their	  vast	  diversity	  of	  plants	  and	  animals,	  coral	  reefs	  are	  known	  to	  have	  high	  productivity	  levels	  despite	  the	  nutrient-­‐poor	  and	  plankton-­‐impoverished	  waters	  in	  which	  they	  are	  found	  (Longhurst,	  1981).	  Many	  key	  properties	  of	  coral	  reef	  ecosystems	  depend	  largely	  on	  the	  morphological	  and	  physiological	  characteristics	  of	  the	  corals	  themselves.	  	  	  
Coral	  Taxonomy	  and	  Structure	  	   Although	  corals	  were	  thought	  to	  be	  plants	  for	  many	  years,	  in	  1726	  Jean	  Andre	  Peyssonnel,	  a	  naturalist	  interested	  in	  marine	  natural	  history,	  reached	  the	  conclusion	  that	  corals	  are	  not	  plants	  at	  all	  but	  in	  fact	  animals.	  While	  corresponding	  to	  abbé	  Jean-­‐Paul	  Bignon,	  the	  president	  of	  the	  Paris	  Academy	  of	  Sciences,	  he	  wrote	  that	  the	  so-­‐called	  flowers	  retract	  on	  contact	  and	  that	  they	  consist	  of	  soft	  and	  milky	  animal-­‐like	  matter.	  At	  this	  time,	  Peyssonnel’s	  idea	  was	  ridiculed.	  However,	  his	  research	  would	  later	  lay	  the	  foundation	  for	  coral	  research	  and	  taxonomy	  (Complete	  Dictionary	  of	  Scientific	  Biography,	  n.d.).	  	   Corals	  are	  classified	  into	  the	  phylum	  Cnidaria,	  formerly	  termed	  Coelenterata.	  The	  Cnidaria	  phylum	  is	  a	  diverse	  group	  of	  relatively	  simple	  animals	  that	  are	  common	  and	  abundant	  in	  marine	  ecosystems.	  The	  Cnidaria	  phylum	  currently	  consists	  of	  four	  classes	  grouped	  together	  in	  the	  subphylum	  Medusozoa:	  Hydrozoa	  (fire	  corals),	  Scyphozoa	  (jellyfish),	  Cubozoa	  (box	  jellyfish),	  and	  Staurozoa	  (stalked	  jellyfish).	  In	  addition,	  there	  is	  the	  subphylum	  Anthozoa,	  containing	  the	  important	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class,	  Anthozoa.	  This	  class	  includes	  two	  monophyletic	  subclasses	  (meaning	  they	  descended	  from	  a	  common	  evolutionary	  ancestor):	  Hexacorallia	  (hard	  corals	  and	  sea	  anemones)	  and	  Octocorallia	  (soft	  corals)	  (Daly	  et	  al.	  2007).	  The	  Cnidaria	  phylum	  possesses	  two	  distinguishing	  structural	  features:	  (1)	  gastrovascular	  cavity	  (GVC)	  and	  (2)	  differentiated	  tissue.	  	  A	  gastrovascular	  cavity,	  also	  known	  as	  a	  gut	  cavity,	  is	  an	  internal	  space	  for	  digestion,	  which	  opens	  to	  the	  outside	  of	  the	  body	  at	  one	  end	  of	  the	  cavity	  forming	  a	  mouth	  in	  the	  middle	  of	  the	  oral	  plate	  (Figure	  1).	  	  Having	  a	  mouth	  and	  digestive	  cavity	  allows	  cnidarians	  to	  consume	  a	  greater	  variety	  of	  prey	  than	  is	  possible	  for	  protozoa	  (unicellular	  eukaryotic	  organisms,	  many	  of	  which	  have	  motility)	  and	  sponges.	  Cnidarians	  also	  possess	  tentacles	  that	  surround	  the	  mouth	  in	  a	  circular	  formation	  to	  aid	  in	  the	  capture	  and	  ingestion	  of	  prey	  (Barnes,	  1980).	  They	  are	  able	  to	  control	  the	  expansion	  or	  contraction	  of	  their	  tentacles	  by	  pumping	  water	  into	  or	  out	  of	  their	  tissues	  (Levy,	  Dubinsky,	  Achituv,	  &	  Erez,	  2006).	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
Figure	  1:	  A	  diagram	  of	  the	  body	  plan	  of	  a	  corallite	  and	  polyp,	  depicting	  the	  arrangement	  of	  the	  skeletal	  walls	  of	  the	  corallite,	  as	  well	  as	  the	  tentacles,	  mouth,	  and	  gastrovascular	  cavity	  (or	  gut)	  of	  the	  polyp.	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All	  animals	  within	  the	  Cnidaria	  phylum	  have	  the	  same	  radial	  symmetric	  body	  plan.	  Radial	  symmetry	  is	  a	  basic	  body	  plan	  in	  which	  the	  organism	  can	  be	  divided	  into	  identical	  halves	  by	  passing	  a	  plane	  through	  any	  angle	  along	  the	  central	  axis	  (Daly	  et	  al.	  2007).	  Cnidarians	  have	  three	  basic	  layers	  of	  cells	  that	  comprise	  the	  body	  wall:	  an	  outer	  epidermal	  layer,	  an	  inner	  gastrodermis,	  which	  line	  the	  gastrovascular	  cavity	  and	  a	  layer	  of	  cells	  between	  these	  referred	  to	  as	  the	  mesoglea	  (Figure	  2)(Barnes,	  1980).	  
	  
Figure	  2:	  Depiction	  of	  the	  different	  cell	  layers	  of	  the	  Cnidaria	  phylum	  	  (Amsel,	  2005-­‐2014).	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  The	  mouth	  is	  at	  the	  top	  of	  the	  polyp	  surrounded	  by	  a	  crown	  of	  tentacles.	  The	  mouth	  leads	  into	  a	  tubular	  pharynx	  that	  then	  leads	  into	  the	  gastrovascular	  cavity,	  where	  digestion	  takes	  place.	  The	  gastrovascular	  cavity	  contains	  longitudinal	  mesenteries,	  or	  septa,	  that	  create	  separated	  compartments	  within	  the	  gastrovascular	  cavity	  and	  secrete	  digestive	  enzymes.	  It	  is	  important	  to	  note	  that	  not	  only	  does	  the	  pharynx	  allow	  food	  to	  enter	  the	  gastrovascular	  cavity	  of	  the	  polyp,	  but	  it	  also	  allows	  the	  polyp	  to	  excrete	  waste,	  as	  well	  as	  gametes	  (either	  eggs	  or	  sperm)	  or	  larvae.	  Although	  many	  differentiated	  cells	  form	  the	  epidermis	  and	  gastrodermis,	  cnidarians	  only	  have	  a	  limited	  degree	  of	  organ	  development	  (Barnes,	  1980).	  	  	   The	  diagnostic	  feature	  of	  this	  phylum	  is	  the	  cnidocytes,	  which	  are	  found	  scattered	  throughout	  the	  epidermis	  and	  concentrated	  within	  the	  tentacles.	  These	  specialized,	  explosive	  cells	  are	  found	  within	  all	  cnidarians	  and	  are	  known	  to	  contain	  everting	  organelles	  called	  cnidea	  (Daly	  et	  al.	  2007).	  While	  over	  30	  types	  of	  cnidea	  exist,	  the	  three	  main	  groups	  are	  spirocysts,	  ptychocysts,	  and	  nematocysts.	  Commonly	  found	  in	  sea	  anemones,	  spirocysts	  consist	  of	  sticky	  threads	  that	  help	  the	  organism	  to	  capture	  prey	  or	  adhere	  to	  the	  benthic	  surface.	  Ptychocysts	  are	  ejected	  by	  bottom	  dwelling	  animals	  adapted	  to	  adhere	  to	  soft	  substrates.	  The	  most	  notable	  cnidea	  is	  the	  nematocysts.	  It	  is	  the	  only	  cnidae	  found	  across	  all	  the	  groups	  in	  the	  phylum	  (Daly	  et	  al.	  2007;	  Barnes,	  1980).	  A	  nematocyst	  consists	  of	  a	  capsule	  containing	  a	  threadlike	  tube	  of	  varying	  length.	  The	  tube,	  or	  thread,	  is	  open	  at	  the	  tip	  and	  has	  barbs,	  particularly	  around	  the	  base,	  known	  as	  stylets.	  This	  penetrating	  cell	  is	  capable	  of	  delivering	  a	  stinging,	  protein	  toxin	  that	  serves	  to	  paralyze	  the	  victim	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and	  enables	  the	  animal	  to	  ingest	  its	  prey.	  Different	  types	  of	  toxins	  have	  been	  shown	  to	  have	  myotoxic	  (referring	  to	  muscle),	  hemolytic	  (referring	  to	  blood),	  neurotoxic	  (referring	  to	  the	  nervous	  system),	  and	  even	  necrotic	  (referring	  to	  the	  death	  of	  living	  tissue)	  properties.	  While	  most	  of	  these	  toxins	  are	  not	  perceptible	  to	  humans,	  some	  have	  been	  known	  to	  produce	  skin-­‐irritation	  or	  even	  a	  stinging	  or	  burning	  sensation,	  such	  as	  a	  jellyfish	  sting.	  However,	  not	  all	  nematocysts	  possess	  toxins.	  Other	  types	  instead	  function	  by	  entangling	  the	  prey	  with	  their	  unarmed,	  coiled	  thread	  (Barnes,	  1980).	  It	  is	  important	  to	  note	  that	  nematocyst	  cells	  and	  other	  cnidae	  cells	  are	  only	  used	  once	  and	  are	  then	  replaced	  by	  new	  cnidae	  cells.	  	  	   Another	  unique	  characteristic	  to	  the	  Cnidaria	  phylum	  is	  the	  diversity	  in	  life	  cycles.	  Three	  of	  the	  five	  Cnidaria	  classes	  (Hydrozoa,	  Scyphozoa,	  and	  Cubozoa)	  have	  a	  metagenetic	  (i.e.	  the	  regular	  alteration	  of	  an	  asexual	  and	  sexual	  generation)	  life	  cycle	  that	  exhibits	  a	  free-­‐swimming	  medusa	  stage	  and	  a	  sessile	  polyp	  stage.	  Both	  stages	  have	  radial	  symmetry	  with	  a	  central	  mouth	  surrounded	  by	  tentacles,	  which	  contain	  cnidocytes	  (Bridge	  et	  al.	  1995).	  	  The	  medusa	  has	  an	  umbrella-­‐shaped	  bell	  with	  trailing	  tentacles	  (similar	  to	  the	  body	  plan	  of	  a	  jellyfish),	  while	  the	  sessile	  polyp	  has	  a	  cylindrical	  body	  with	  a	  ring	  of	  tentacles	  surrounding	  the	  mouth	  and	  is	  permanently	  attached	  to	  a	  solid	  substrate	  (Figure	  2).	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Scleractinian	  Corals	  	   Unlike	  the	  other	  classes	  of	  coral,	  anthozoans	  do	  not	  have	  a	  medusa	  stage	  in	  their	  developmental	  cycle;	  however,	  they	  can	  still	  be	  motile	  during	  their	  planula	  stage	  of	  sexual	  reproduction.	  Sexual	  reproduction	  occurs	  by	  the	  release	  of	  sperm	  and	  eggs,	  which	  form	  a	  planula.	  The	  planula	  remains	  motile	  until	  it	  can	  attach	  to	  available	  substrate	  and	  then	  becomes	  sessile.	  Other	  anthozoans	  can	  reproduce	  asexually	  through	  budding,	  which	  is	  an	  asexual	  process	  in	  which	  a	  new	  organism	  grows	  from	  an	  outgrowth,	  or	  bud,	  of	  the	  original	  organism	  (Barnes,	  1980).	  Asexual	  reproduction	  is	  most	  common	  in	  Scleractinian	  corals	  (also	  known	  as	  madreporarian	  corals),	  which	  are	  the	  hard	  corals	  responsible	  for	  producing	  the	  stony	  structures	  of	  coral	  reefs.	  The	  Scleractinian	  Order	  is	  in	  the	  Hexacorallia	  subclass	  of	  the	  Anthozoa	  class	  (Daly	  et	  al.,	  2007).	  For	  the	  purpose	  of	  this	  paper,	  any	  further	  mention	  of	  coral	  will	  refer	  to	  those	  within	  the	  Scleractinian	  Order.	  Scleractinian	  corals	  are	  most	  often	  found	  within	  large,	  united	  colonies,	  although	  some	  deep-­‐sea	  species	  are	  known	  to	  be	  solitary	  (Barnes,	  1980).	  Many	  individual	  coral	  modules,	  known	  as	  corolla	  (singular	  form,	  corallum),	  construct	  a	  colony	  of	  coral.	  A	  corallum	  includes	  the	  coral	  polyp,	  which	  is	  the	  sac-­‐like	  animal,	  and	  the	  corallite,	  which	  is	  the	  skeletal	  cup	  made	  up	  of	  the	  calcium	  carbonate	  secreted	  by	  the	  animal	  (Figure	  1).	  Coral	  colonies	  are	  formed	  by	  sister	  polyps,	  which	  multiply	  by	  budding.	  This	  asexual	  reproduction	  is	  either	  extratentacular	  budding,	  in	  which	  the	  parent	  polyp	  produces	  a	  daughter	  polyp	  externally	  to	  its	  wall,	  or	  intratentacular	  budding,	  in	  which	  the	  parent	  polyp	  splits	  into	  two	  daughter	  polyps	  within	  the	  existing	  ring	  of	  tentacles	  (Figure	  3)	  (Barnes	  1980).	  Therefore,	  by	  undergoing	  the	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process	  of	  budding,	  colonies	  become	  a	  collection	  of	  genetically	  identical	  polyps.	  Sir	  Maurice	  Yonge	  claimed	  a	  coral	  colony	  to	  be	  an	  “animal	  with	  many	  mouths”.	  	  	  	  	  	  	  
Figure	  3:	  Examples	  of	  extratentacular	  budding	  (left)	  and	  intratenacular	  budding	  (right)	  (Barnes,	  1980).	  	  	   Colonies	  are	  either	  hermaphroditic	  (possess	  both	  male	  and	  female	  functions	  within	  each	  polyp)	  or	  gonochoric	  (the	  entire	  colony	  is	  either	  male	  or	  female).	  Mixed	  breeding	  systems,	  in	  which	  some	  polyps	  of	  the	  colony	  are	  male	  and	  others	  female,	  are	  uncommon	  in	  Scleractinian	  corals.	  Although	  there	  are	  a	  few	  exceptions,	  most	  Scleractinian	  corals	  can	  be	  classified	  as	  either	  hermaphroditic	  or	  gonochoric	  (Baird,	  Guest	  &	  Willis,	  2009).	  	  	   Similarly,	  Scleractinia	  have	  one	  of	  two	  modes	  of	  larval	  development:	  (1)	  brooding	  or	  (2)	  broadcast	  spawning	  (Figure	  4).	  Fertilization	  that	  takes	  place	  internally,	  where	  the	  embryo	  develops	  inside	  the	  coral	  polyp	  and	  is	  then	  released	  as	  a	  motile	  planula	  larva,	  is	  known	  as	  brooding.	  Broadcast	  spawning	  is	  external	  fertilization,	  where	  the	  embryo	  develops	  into	  the	  planula	  within	  the	  water	  column	  (Figure	  5).	  Whereas	  brooding	  is	  common	  among	  other	  species,	  such	  as	  octocorals,	  it	  is	  rare	  amongst	  Scleractinian	  corals	  (Baird	  et	  al.,	  2009).	  Although	  the	  planula	  stage	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possesses	  cilia	  (hair-­‐like	  organelles	  that	  protrude	  from	  the	  body	  and	  vibrate	  to	  enable	  propulsion),	  it	  is	  the	  ocean	  currents	  that	  primarily	  disperse	  the	  planulae.	  When	  a	  planulae	  lands	  on	  an	  available	  substrate,	  it	  is	  then	  referred	  to	  as	  a	  recruit	  of	  the	  coral	  reef	  in	  which	  it	  settled.	  Recruitment	  is	  the	  increase	  of	  inhabitants	  due	  to	  progeny	  growth	  and	  immigration.	  The	  process	  of	  recruitment	  is	  important	  to	  maintain	  a	  healthy	  reef;	  as	  coral	  die	  off,	  new	  planulae	  are	  recruited	  to	  replenish	  the	  coral	  population.	  	  Once	  Scleractinia	  reach	  maturity,	  they	  begin	  to	  produce	  their	  own	  calcium	  carbonate	  skeleton.	  Calcium	  carbonate	  crystals	  are	  secreted	  by	  the	  epidermis	  of	  the	  lower	  half	  of	  the	  column	  and	  the	  basal	  plate	  (the	  bottom	  of	  the	  calyx,	  or	  skeletal	  cup	  of	  the	  polyp)	  of	  each	  polyp	  (Barnes,	  1980).	  The	  calcium	  carbonate	  skeletons	  of	  these	  corals	  create	  the	  complex	  three-­‐dimensional	  structure	  and	  primary	  framework	  of	  the	  reef	  (Harrison,	  2011).	  	  
	  
Figure	  4:	  An	  inclusive	  representation	  of	  coral	  life	  cycles.	  Take	  note	  that	  most	  Scleractinian	  corals	  only	  reproduce	  by	  broadcasting.	  In	  this	  diagram	  fragmentation	  refers	  to	  the	  process	  of	  reproduction	  where	  sections	  of	  branched	  corals	  may	  break	  off	  due	  to	  physical	  forces,	  such	  as	  wave	  action	  or	  hurricanes,	  and	  then	  may	  settle	  on	  the	  ocean	  floor	  and	  continue	  to	  grow.	  	  
	   13	  
	  
	  
Figure	  5:	  A	  representation	  of	  broadcasting	  reproduction	  of	  Scleractinian	  corals	  with	  an	  included	  time	  frame	  (Retrieved	  from	  http://biophysics.sbg.ac.at/png/png3.htm).	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Coral	  Reefs	  
Structural Formations of the Reefs 
The zonation of coral communities is defined based on the corals growing in each 
area, which depends on the available nutrients and resources, and stress. There are four 
main types of coral reef: patch reef, fringing reef, barrier reef, and atolls. The most 
common reef structure is the fringing reef. These reefs are located on the coastal edge of 
the land mass and often form shallow lagoons between the beach and the main reef 
formation. Patch reefs are outcrops of coral that are usually found within a lagoon. 
Barrier reefs can be much larger than fringing reefs and are located further away from 
shore. The greatest example of this reef formation is the Great Barrier Reef in Australia. 
Lastly, an atoll is a circular-shaped reef that encircles a lagoon. There is no longer any 
apparent landmass found near atolls. It is theorized that barrier reefs and atolls are formed 
by subsidence of the landmass that used to be present. As the landmass sinks the coral 
continue to grow upward towards the light, creating these circular formations. At the 
Darwin Point, the growth rate of the atoll-forming corals can no longer keep up with the 
rate of subsidence. As the atoll submerges underwater, the structure becomes referred to 
as a guyot (Figure 6). 
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Figure 6: A depiction of lithospheric subduction and the process of reef 
submergence (Grigg, 2011). 
 
 
For the purposes of this paper, fringing reefs will be the main focus of reef 
structure. A typical fringing reef consists of lagoons and low coral densities towards the 
shore, and grows into more complex coral structures further away from shore. After the 
lagoons in the inshore zone, the rear zone begins, followed by the reef flat, breaker zone, 
lower palmata zone, buttress zone, cervicornis zone and annularis zone respectively 
(Figure 7) (Goreau & Goreau, 1973). 
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Figure 7: A more detailed cut-away view of a typical fringing reef, displaying the 
various formations of each zone (Levinton, 1982). 
 
 The breaker zone and lower palmata zone are regions that are mostly dominated 
by the branching coral Acropora palmata. This coral species is a fast growing species 
that can quickly colonize in regions where slower growing corals cannot. These areas of 
the reef have a unique growth pattern that exhibits a branching formation. This structure 
allows these corals to withstand high velocity wave-exposure because the water can 
merely flow through the branching formations. 
 
The buttress zone consists of a variety of corals and is mostly characterized by its 
spur and groove formations, which begin to form at depths of 30 feet or so (Figure 8) 
(Barnes, 1980).  The grooves act as channels for the water coming off of the breaker zone 
to run through. Oftentimes this zone ends with a sudden drop-off, described as a wall.  
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Figure 8: Depiction of a buttress zone containing spurs (patches of coral reefs) 
and grooves (canyons of sand between spurs) (Barnes, 1980). 
 
 
The deeper parts of the reefs, such as the cervicornis zone and the annularis zone 
have mostly plate-like structures. These formations allow the coral to obtain as much 
light exposure as possible. Depending on the wind patterns, the windward reef can vary 
drastically from the leeward facing reefs that are much more protected habitats. Exposed 
windward reefs are exposed to more intense and frequent wave action and, therefore, 
have higher growth rates due to the abundance of nutrients necessary for growth and 
recruitment that are brought in by these waves (Figures 9) (Blanchon & Jones, 1995). 
This wave-exposure also helps to reduce algal growth and sediment deposition. However, 
leeward reefs and protected windward reefs do not get access to such resources and, 
therefore, have less coral growth and more sediment and algal growth (Figures 10 & 11) 
(Jones, 1994; Blanchon & Jones 1995). 
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Figure 11: A cut-away view of a leeward reef structure (Jones, 1994). 	  
Reef	  Ecology	  In	  addition	  to	  wave-­‐exposure,	  many	  other	  factors	  (both	  abiotic	  and	  biotic),	  affect	  coral	  growth	  and	  reproduction	  rates,	  species’	  diversity,	  and	  community	  structure.	  These	  factors	  include	  climate	  and	  ocean	  changes,	  bleaching,	  coral	  disease,	  and	  tropical	  storms	  and	  hurricanes.	  	  	  
Climate	  &	  Ocean	  Changes	  Climate	  and	  ocean	  changes	  include	  increasing	  ocean/sea-­‐surface	  temperatures	  (SST),	  sea-­‐level	  rise,	  and	  ocean	  acidification.	  It	  is	  understood	  that	  increasing	  ocean	  temperatures/SST	  is	  caused	  by	  the	  phenomenon	  of	  global	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warming.	  Some	  studies	  of	  global	  warming	  (a	  highly	  debated	  and	  controversial	  topic)	  conclude	  that	  greenhouse	  gas	  concentrations	  have	  increased	  due	  to	  human	  activities	  relating	  to	  industrialization	  and	  production	  (Alley	  et	  al.,	  2003;	  Mahlam,	  1997;	  Vitousek,	  1994;	  Vitousek,	  Mooney,	  Lubchenco,	  &	  Melillo,	  1997).	  	  Because	  of	  this	  increase	  in	  greenhouse	  gas	  concentrations,	  atmospheric	  temperatures	  have	  increased,	  warming	  Earth	  by	  approximately	  0.7	  degrees	  Celsius	  since	  1880	  (Change,	  IPPC,	  2007).	  This	  increase	  is	  correspondingly	  causing	  an	  increase	  in	  ocean	  temperatures/SST,	  which	  is	  negatively	  affecting	  coral	  communities.	  Corals	  are	  highly	  sensitive	  to	  change	  in	  ocean	  temperature	  and	  can	  only	  tolerate	  a	  small	  range	  of	  environmental	  changes.	  When	  ocean	  temperatures	  become	  abnormally	  high	  (i.e.	  1-­‐2	  degrees	  Celsius	  greater	  than	  the	  average	  summer	  maximum)	  coral	  cover	  declines	  and	  mortality	  rates	  increase.	  These	  effects	  of	  rising	  ocean	  temperatures	  can	  potentially	  lead	  to	  a	  population	  shift	  towards	  other	  reef-­‐dwelling	  organisms	  (which	  in	  most	  cases	  are	  algae),	  as	  well	  as	  coral	  bleaching	  and	  disease	  (Brown,	  1997;	  Glynn,	  1993,	  Hughes,	  1994;	  Hughes	  et	  al.,	  2003;	  Loya	  et	  al.,	  2001).	  	  Another	  effect	  of	  global	  warming	  is	  global	  sea-­‐level	  rise.	  Sea-­‐level	  rise	  is	  the	  result	  of	  the	  melting	  of	  glaciers,	  ice	  sheets	  and	  sea	  ice,	  as	  well	  as	  the	  thermal	  expansion	  of	  the	  ocean	  water	  (both	  caused	  by	  increased	  atmospheric	  temperatures)	  (Church,	  Godfrey,	  Jackett	  &	  McDougall,	  1991).	  Corals	  must	  be	  able	  to	  vertically	  grow	  faster	  than	  the	  rate	  of	  sea-­‐level	  rise	  in	  order	  to	  survive.	  However,	  existing	  threats	  to	  reefs	  may	  hinder	  the	  growth	  rates	  and	  reef	  accretion	  of	  corals,	  making	  it	  difficult	  for	  corals	  to	  keep	  pace	  with	  the	  increased	  rates	  of	  sea-­‐level	  rise	  (Blanchon	  &	  Shaw,	  1995;	  Glynn,	  1993;	  Woodroffe,	  2008).	  Sea-­‐level	  rise	  could	  also	  affect	  mangrove	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habitat,	  which	  is	  crucial	  for	  filtering	  out	  sediment	  from	  run-­‐off	  before	  reaching	  the	  coastal	  waters	  (McLeod	  &	  Salm,	  2006).	  If	  sedimentation	  increases,	  key	  physiological	  reef	  processes	  could	  be	  affected,	  such	  as	  feeding,	  photosynthesis,	  and	  recruitment.	  The	  last	  major	  effect	  of	  global	  warming	  is	  ocean	  acidification.	  As	  increased	  levels	  of	  carbon	  dioxide	  (CO2)	  enter	  the	  atmosphere,	  more	  CO2	  is	  absorbed	  by	  the	  ocean.	  Through	  a	  chemical	  process,	  the	  CO2	  and	  seawater	  react	  to	  become	  carbonic	  acid	  (H2CO3),	  which	  lowers	  the	  pH	  of	  the	  ocean	  (i.e.	  increases	  the	  ocean’s	  acidity).	  If	  CO2	  is	  being	  used	  to	  create	  H2CO3,	  the	  amount	  of	  calcium	  carbonate	  (the	  composition	  of	  coral	  skeleton)	  is	  limited	  and,	  often,	  reduced	  (Doney,	  Fabry,	  Feely,	  &	  Kleypas,	  2009).	  	  	  	  
Coral	  Bleaching	  	   Increased	  ocean/sea-­‐surface	  temperatures	  (SST),	  sea-­‐level	  rise,	  and	  ocean	  acidification	  may	  all	  lead	  to	  episodes	  of	  coral	  bleaching.	  Scleractinian	  corals	  are	  hermatypic,	  meaning	  that	  they	  maintain	  a	  symbiotic	  relationship	  with	  single-­‐celled	  dinoflagellates	  called	  zooxanthellae.	  These	  zooxanthellae	  live	  within	  the	  gastrodermal	  tissues	  of	  hermatypic	  coral	  polyps	  and	  photosynthesize,	  producing	  energy	  for	  the	  coral	  while	  being	  protected	  by	  the	  calcium	  carbonate	  skeleton	  of	  the	  coral	  (Barnes,	  1980;	  Muscatine	  &	  Cernichiari,	  1969).	  During	  a	  stress	  response	  to	  environmental	  change,	  the	  coral-­‐zooxanthellae	  relationship	  is	  no	  longer	  beneficial	  on	  the	  corals’	  behalf,	  and	  the	  zooxanthellae	  are	  released	  from	  the	  coral	  tissues.	  This	  expulsion	  of	  zooxanthellae	  causes	  the	  coral	  to	  appear	  white	  because	  the	  coral	  skeleton	  can	  be	  seen	  through	  the	  transparent	  polyps,	  hence	  the	  term	  bleaching	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(Hoegh-­‐Guldberg	  &	  Smith,	  1989).	  Zooxanthellae	  are	  also	  thought	  to	  play	  a	  role	  in	  calcification	  (Goreau	  &	  Goreau,	  1959;	  Muscatine	  &	  Cernichiari,	  1969;	  Pearse	  &	  Muscatine,	  1971).	  While	  corals	  vary	  in	  the	  length	  that	  they	  are	  able	  to	  survive	  without	  the	  energy	  source	  provided	  by	  zooxanthellae,	  if	  stressors	  persist,	  coral	  mortality	  will	  occur.	  	  	  
Coral	  Disease	  When	  corals	  are	  able	  to	  recover	  from	  bleaching	  events,	  they	  often	  become	  susceptible	  to	  coral	  disease.	  A	  disease	  is	  defined	  as	  any	  impairment	  of	  the	  systems,	  organs,	  or	  body	  functions	  of	  an	  organism.	  In	  reference	  to	  corals,	  diseases	  can	  be	  caused	  by	  bacteria,	  viruses,	  fungi,	  or	  protozoa,	  and	  can	  result	  in	  significant	  changes	  in	  coral	  growth	  and	  reproduction.	  Although	  coral	  disease	  is	  a	  natural	  part	  of	  population-­‐regulation	  dynamics,	  in	  recent	  decades,	  diseases	  have	  increased	  in	  intensity,	  frequency,	  and	  spatial	  range	  (Bruno	  et	  al.,	  2007).	  These	  increases	  lead	  to	  an	  overall	  decrease	  in	  coral	  cover	  and	  colony	  density,	  and	  may	  even	  result	  in	  phase-­‐shifts	  from	  a	  coral-­‐dominated	  community	  to	  an	  algal-­‐dominated	  community	  (Hughes,	  1994;	  McManus	  &	  Polsenberg,	  2004).	  	  
The	  Influence	  of	  Tropical	  Storms/Hurricanes	  Coral	  populations	  and	  their	  community	  structure	  can	  also	  be	  affected	  by	  tropical	  storms	  and	  hurricanes.	  Hurricanes	  (as	  well	  as	  tropical	  cyclones	  and	  typhoons)	  are	  low-­‐pressure	  systems	  that	  grow	  within	  tropical/subtropical	  waters.	  As	  the	  wind	  blows	  over	  the	  ocean’s	  surface,	  moisture	  (i.e.	  water	  vapor)	  and	  energy	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are	  collected	  from	  the	  ocean.	  Due	  to	  the	  low	  pressure,	  as	  water	  vapor	  is	  drawn	  into	  the	  system	  it	  rises	  up	  into	  the	  atmosphere,	  cooling	  in	  the	  process.	  As	  this	  vapor	  begins	  to	  cool,	  clouds	  form,	  releasing	  the	  heat	  energy	  into	  the	  surrounding	  air.	  When	  heat	  energy	  enters	  the	  atmosphere,	  the	  warm	  air	  continues	  to	  rise,	  lowering	  the	  pressure	  at	  the	  water	  surface.	  As	  the	  hurricane	  travels,	  a	  cool	  wake	  follows	  in	  its	  path	  as	  well	  as	  surging	  waves.	  Hurricanes	  are	  categorized	  into	  five	  levels	  of	  intensity/severity:	  (1)	  wind	  speed	  =	  119-­‐152	  km/h,	  no	  damage	  to	  buildings	  but	  some	  damage	  to	  trees,	  (2)	  wind	  speed	  =	  154-­‐	  176	  km/h,	  some	  roof	  and	  window	  damage,	  and	  a	  lot	  of	  damage	  to	  trees,	  (3)	  wind	  speed	  =	  178-­‐	  209	  km/h,	  building	  damage	  and	  some	  trees	  are	  blown	  down,	  (4)	  wind	  speed	  =	  211-­‐250	  km/h,	  missing	  roofs,	  considerable	  window	  damage	  and	  most	  trees	  are	  blown	  down,	  (5)	  wind	  speed	  is	  greater	  than	  252	  km/h,	  buildings	  are	  breaking	  apart/	  destroyed,	  all	  trees	  are	  blown	  down	  and	  storm	  surge	  is	  greater	  than	  5	  m	  (Wilkinson	  &	  Souter,	  2008).	  	  Although	  the	  more	  severe	  hurricanes	  have	  greater	  amounts	  of	  physical	  impact	  on	  coral	  reefs,	  tropical	  storms	  and	  hurricanes	  can	  be	  beneficial.	  The	  cool	  wake	  that	  hurricanes	  leave	  in	  their	  path	  helps	  to	  mitigate	  coral	  bleaching	  episodes	  by	  causing	  short-­‐term	  decreases	  in	  the	  ocean’s	  temperature	  (Wilkinson	  &	  Souter,	  2008).	  Hurricanes	  also	  add	  disturbances	  to	  coral	  reefs,	  which	  breaks	  the	  equilibrium	  of	  dominant	  corals,	  facilitating	  the	  growth	  of	  other	  species.	  Lastly,	  tropical	  storms	  may	  temporarily	  displace	  excessive	  macroalgae,	  allowing	  for	  increased	  levels	  of	  coral	  recruitment.	  	  	   Overall,	  climate	  and	  ocean	  changes,	  bleaching,	  coral	  disease,	  and	  tropical	  storms	  and	  hurricanes,	  are	  all	  factors	  that	  synergistically	  affect	  coral	  populations	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(i.e.	  the	  interactions	  between	  multiple	  factors	  produce	  a	  sum-­‐effect	  that	  is	  greater	  than	  the	  effects	  of	  any	  individual	  factor).	  To	  add	  to	  this	  complexity,	  spatial	  (locally	  and	  globally)	  and	  temporal	  scales	  must	  also	  be	  taken	  into	  consideration	  when	  studying	  reef	  ecology.	  	  
The	  Caribbean	  
Home to seven percent of the global share of coral reef communities, the Wider 
Caribbean is richly endowed with biological treasures. The Wider Caribbean (hereafter 
called the Caribbean) is made up of the Caribbean Sea, the Gulf of Mexico, and part of 
the northwestern Atlantic Ocean extending out to Bermuda, including the islands and 
coasts found within this region. The Caribbean consists of a crescent-shaped formation of 
islands spanning more than 2,000 miles throughout the Caribbean Sea, which 
encompasses 35 countries and territories (Figure 12) (Burke & Maidens, 2004). These 
land formations consist of more than 7,000 islands, islets, cays, and reefs. The Caribbean 
islands are located 1,200 miles southeast of the Florida peninsula of the United States and 
500 miles north of the coast of Venezuela in South America. Usually regarded as a sub-
region of North America, the Caribbean Islands are included in the larger West Indies 
grouping, which also includes the Greater, and Lesser Antilles, the Bahamas, and the 
islands of Turks and Caicos (UN Statistics Division, n.d.). An estimated 10,000 square 
miles (26,000 square kilometers) of coral reefs are found within the warm tropical waters 
of the Caribbean. That is the size of almost five million American football fields.  
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Importance of Coral Reef Ecosystems Bruce	  G.	  Hatcher	  (1997)	  defines	  a	  coral	  reef	  ecosystem	  as	  a	  hierarchy	  with	  emergent	  properties	  including	  the	  large,	  multifaceted	  structures	  created	  by	  small	  colonial	  animals,	  the	  similarity	  between	  all	  such	  structures	  on	  both	  spatial	  and	  temporal	  scales,	  and	  the	  functional	  uniformity	  of	  the	  diverse	  communities	  found	  inhabiting	  these	  structures.	  He	  also	  defines	  ecosystem	  processes	  as	  those	  that	  connect	  the	  physical	  environment	  with	  the	  interactions	  of	  organisms.	  	  Therefore,	  Hatcher	  views	  reefs	  as	  an	  end	  member	  of	  this	  ecological	  hierarchy	  because	  of	  their	  intricate	  structure	  and	  formation	  processes,	  their	  high	  rates	  of	  biogeochemical	  cycling,	  and	  their	  maintenance	  of	  high	  biological	  diversity.	  (Hatcher,	  1997).	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Although	  coral	  reefs	  only	  slightly	  contribute	  to	  ecosystem	  processes	  on	  a	  global	  scale,	  they	  efficiently	  surpass	  any	  other	  ecosystem	  in	  regards	  to	  their	  net	  primary	  production	  (NPP)	  and	  nutrient	  cycling	  (Hatcher,	  1997).	  Coral reefs have 
high ecological value because of this key role in nutrient cycling and production within 
the subtropical/tropical marine food webs. The tropical waters within the Caribbean 
typically have low levels of nutrients. However, coral	  reefs	  have	  been	  found	  to	  have	  some	  of	  the	  highest	  levels	  of	  biomass	  and	  productivity. This phenomenon of low 
nutrient availability yet high productivity is known as the coral reef paradox (Sheppard,	  Davy	  &	  Pilling,	  2009).	  	  This	  high	  productivity	  can	  support	  a	  vast	  array	  of	  marine	  life.	  In	  fact,	  since	  the	  coral	  reefs	  found	  within	  the	  Caribbean	  are	  separated	  from	  other	  coral	  reefs	  around	  the	  world,	  many	  native	  species	  have	  evolved	  in	  isolation.	  Only	  a	  fraction	  of	  the	  many	  thousands	  of	  species	  are	  found	  anywhere	  else	  in	  the	  world	  (Burke	  &	  Maidens,	  2004).	  Coral reefs also play a key role in protecting coastlines from 
flooding, erosion, and storm damage, and they influence	  the	  chemical	  balance	  of	  the	  oceans	  by	  utilizing	  calcium	  and	  other	  nutrients.	  (Burke & Maidens, 2004; Shah, 
2011).	  
In addition to being of great ecological value, coral reefs also play an integral role 
in today’s economy. Coral reef ecosystems are vital sources of income for a number of 
worldwide industries, including those of fishing, tourism, and pharmaceuticals. Reef 
ecosystems are responsible for providing food and income to more than half a billion 
people around the world (NOAA, n.d.). The National Oceanic and Atmospheric 
Administration (NOAA) estimates the annual yield of coral reef ecosystems around the 
world to be between $172 and $375 billion for goods and services (Shah, 2011). In the 
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Caribbean region alone, the most important economic sector of tourism has total revenue 
of over $25 billion annually and is continuing to increase every year (Burke & Maidens, 
2004).	  
 
Threats to Coral Reef Ecosystems  
 Despite their importance, the health of coral reef ecosystems is dramatically 
declining due to increased human activity over the past 20 years (Halpern, 2008). In	  reference	  to	  coral	  reefs,	  a	  disturbance	  can	  be	  described	  as	  an	  event	  that	  has	  a	  negative	  impact	  on	  the	  reef	  life. Rising population densities and associated increases in 
fishing, agricultural and industrial activities, and coastal development are all leading 
causes of stress on Caribbean coral reefs. Although these have been the same sources of 
pressure over the last few decades, in recent years the intensity of these pressures has 
greatly increased. Coral reef ecosystems vary in their ability to withstand and recover 
from these pressures. In the past millennia, coral reefs have been resilient and have been 
able to adapt to many natural pressures, such as hurricanes, disease, global climate 
change, and coral bleaching. However, with added anthropogenic stressors, these 
ecosystems are reaching their threshold of resilience and are having difficulty adapting to 
these dramatic environmental changes. The combination of natural and anthropogenic 
pressures are leading to acute and chronic stress among coral reef ecosystems. Acute 
stress can result in subtle changes, such as increased algal growth, while chronic stress 
can lead to the breakdown and loss of reef habitat (Burke & Maidens, 2004). Regardless 
of the severity of stress increased changes to reefs are ultimately diminishing the value of 
goods and services derived from reef communities. Within the Caribbean, the top four 
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anthropogenic pressures that are threatening coral reef communities are coastal 
development, sedimentation and other sources of pollution (primarily from run-off and 
marine-based threats), and overfishing.  
 Around 36% of Caribbean reef habitat is located within 2 km of inhabited land, 
which means that these reefs are highly susceptible to anthropogenic stressors that arise 
from increased human activities (Burke & Maidens, 2004). In the past decade, extensive 
development and construction have been required to support the growing populations of 
both residents and tourists. Poorly managed coastal development has resulted in direct 
reef damage from dredging, sand and limestone mining, and land reclamation (the 
process of creating new land from the ocean/ sea).  
Indirect sources of damage include run-off, which is the top source of 
sedimentation and pollution. Reduced coastal habitat resulting from increased coastal 
development means the loss of mangroves and sea-grass, which are essential for filtering 
sediment and nutrients from land run-off. Without this natural filtering system, large 
amounts of sediment are entering the coastal waters, thus smothering healthy reef habitat, 
jeopardizing the survival of juvenile coral and reducing the amount of light that is 
necessary for coral growth and maintenance. In addition to sediment run-off, the 
Caribbean has high levels of untreated sewage run-off (Figure 13). An estimated 80% of 
sewage generated within the Caribbean is not being properly treated (Burke & Maidens, 
2004). These increased levels of nutrients that are entering the coastal waters are 
promoting algal growth at the expense of corals. Other run-off pollution sources include 
motor oil and waste from roads, pollution from industrial sources, such as oil refineries, 
distilleries/breweries, food/sugar processing, and paper and chemical industries. 
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However, the greatest source of run-off pollution originates from poor agricultural 
practices. Conversion of natural land to agricultural land results in soil erosion and 
sediment delivery to the nearby waters. Most importantly, the use of pesticides and 
livestock manure is a significant source of increased nutrient levels in coastal waters. 
Particularly in low-flow areas, the discharge of nutrients is a major cause of 
eutrophication, leading to flourishing algal growth and, in extreme cases, “dead zones”, 
which result from oxygen depletion in the nutrient-rich waters (Figure 13).   
 
Figure 13: Diagram of run-off cycles that occur in coastal areas/ waters (Hans, 2006). 
 
While run-off accounts for much of the pollution that enters the coastal waters, 
another concern for coral reef habitat is marine-based sources of pollution. Oil spills and 
discharge, sewage, bilge, and ballast discharge from ships are also responsible for 
threatening coral reef ecosystems. Along with these pollution sources, anchors and 
groundings, particularly in popular tourist destinations, also cause direct damage to reef 
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habitat. The chain and anchor of a cruise ship can weigh up to 4.5 tons, destroying 
anything in its path (Burke & Maidens, 2004). 
 The last major threat to Caribbean reefs is overfishing. For hundreds of years 
fishing has provided an inexpensive source of protein, as well as a source of employment. 
However, the open access of reef fisheries has negatively affected the health and status of 
Caribbean fish populations. Typically with few regulations, portable fish traps are the 
cheapest and most effective way to catch fish within the Caribbean. Unfortunately, these 
cumbersome traps cause physical damage to the coral reef and are quite wasteful when 
they are lost underwater. Another particularly damaging form of overfishing is the 
targeting of larger reef fish. Larger fish have the greatest reproductive output, so by 
removing these large fish from the population, the replenishment stock is reduced. By 
targeting large fish, as well as spawning aggregations, there are less herbivorous fish to 
keep algal growth under control. When herbivorous fish are removed from the reef 
community, algal growth increases and begins to outcompete corals. Overfishing can lead 
to loss of species, changes in community structure, and may also lower the resilience of 
the reef to other sources of pressure (Burke & Maidens, 2004).  
 
 
Caribbean Conditions  
 
 However, even under such stress, tropical and subtropical conditions of the 
Caribbean provide favorable breeding grounds for corals, fish and other organisms found 
within reef ecosystems of the Caribbean region. With an average temperature range of 
around 23 to 29 degrees Celsius year round, the Caribbean waters are ideal for the 
formation of an estimated 26,000 square kilometers of coral reef communities every year 
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(Burke & Maidens, 2004). The Caribbean also provides the strong sunlight needed for 
optimal coral growth due to its tropical latitude near the equator.  
The Caribbean’s intricate reef communities contain topography that provides 
heterogeneous shelter for a vast spectrum of plant and animal species. As one of the most 
diverse and productive ecosystems, coral reefs have tremendous ecological, social, and 
economic values (Dynamic fragility of oceanic coral reef ecosystems, n.d.). 
 
Grand Cayman 
 Grand Cayman is just one example of an economy that depends on coral reef 
ecosystems to provide food, as well as to bring in tourism. Grand Cayman is part of a trio 
of islands that make up the Cayman Islands that were originally discovered in 1503 by 
Christopher Columbus. Also including Little Cayman and Cayman Brac, the Cayman 
Islands are located about 700 km south of Miami, Florida and both 300 km south of Cuba 
and northwest of Jamaica (Blanchon & Jones, 1995). Resting in the northern part of the 
Caribbean Sea, Grand Cayman is between 19 and 20 degrees north and 79 and 82 degrees 
west (Figure 14) (Davies & Brunt, 1994). 
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Figure 14: Map of the Cayman Islands (Retrieved from: http://kids.britannica.com/comptons/art-­‐52610) 
 
 The Cayman Islands are the highest pinnacles of the submerged Cayman Ridge 
that lies on the edges of the North American and Caribbean tectonic plates. This ridge is 
just north of the Cayman Trough, which is defined by a major system of Cenozoic strike-
slip transform faults. Grand Cayman is 197 square km (about three times the size of 
Appleton, WI) and has an irregular shape with a large northern lagoon, the North Sound. 
This island is very flat and is about 35km long and up to 14 km wide (Davies & Brunt, 
1994). 
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 The weather in the Caymans is very much like that found throughout the 
Caribbean. Lying within the northeast Trade Wind system and with no significantly large 
landmasses within 125 miles of the Cayman Islands, the sub-humid tropical climate 
remains quite stable (Blanchon & Jones, 1995). For the most part, this means consistent 
weather patterns, with limited temperature and humidity ranges. 
 Prevailing winds blow from an eastern direction and, under fair weather 
conditions, they commonly average 3-7ms-1. Only the west side of the island is a leeward 
margin. The north side of the island is a protected-windward margin, while the south side 
is an exposed-windward margin (Figure 15) (Blanchon & Jones, 1995). 
Figure 15: Diagram of wind/storm directions and wave-exposure; leeward margin 
(west coast), protected-windward margin (north coast), and exposed-windward margin 
(south and east coasts) (Blanchon & Jones, 1995). 
 
Due to varying wind patterns, large variations in wave energy can result on the 
windward margin of the island. The exposed windward margin has the greatest fetch (the 
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distance traveled by wind/waves across open water), with waves reaching heights of up to 
2.5 m. In contrast, the protected-windward margin experiences little fetch, with waves 
only reaching heights of up 1.25 m.  
The dry season lasts from November to April with temperatures only slightly 
lower than those of summer, ranging from 22 to 30 degrees Celsius. Predominant wind 
direction shifts during this time in accordance with the northern movement of the winds 
within the Intertropical Convergence Zone (ITCZ), which is the dividing line between the 
northern and southern hemispheres where opposing winds meet. The commonly known 
Nor’westers that occur during this time frame are slightly colder, strong winds and sea 
swells that are caused by the cold fronts moving southeast off the coast of North America 
(Rosenberg, n.d.). During this dry season wind and wave patterns are disrupted by 
atmospheric storms associated with these cold fronts. 
 The wet summer months last from May to October with temperatures ranging 
from 24 to 32 degrees Celsius. Rainfall is normally seasonal with May/June usually being 
the wettest. Although rainfall can be heavy during this period, rainy weather usually does 
not last long and the skies clear up fairly quickly. During this time frame, the islands are 
affected by the low-pressure weather systems that travel west across the Caribbean. 
These easterlies are known to bring in strong winds and rain. Since the Cayman Islands 
lay within the northeast trade wind belt, as well as within the Caribbean hurricane belt, 
they experience direct hits from hurricanes every four years and indirect hits about every 
eleven years (Davies & Brunt, 1994). 
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This Study  
Hurricanes and other natural disasters are well documented throughout the 
Caribbean. However, most islands within the Caribbean have little to no documentation 
of changes in coral reef communities and the impacts of such changes on the local 
economies (aside from the Florida Keys and Jamaica). The Lawrence University Marine 
Program (LUMP) is an undergraduate program that specifically studies the coral reefs of 
Grand Cayman. Since 1980, students have participated in two-week field studies that are 
carried out every other year. The current survey consists of 16 years of data collected 
over a time span of 32 years. The goal of this study is to determine the long-term patterns 
and trends of the coral reef ecosystems in Grand Cayman, to quantify various alterations 
within these reefs, and to determine the multiple factors that play into these changing 
ecosystems. This study uses data collected from 1998- 2012 by LUMP to explore 
temporal and spatial patterns within the fish and Scleractinian coral communities of these 
reefs. The goals of this study are to explore the prominent characteristics of each dive site 
that was surveyed, as well as to see how these populations are changing over time and to 
find some insight into what is causing these changes.  	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Methods 
Coral Diversity Quantification Techniques 
 The chain transect technique was used to determine coral diversity. For this 
process, two divers strung a 10-meter plastic chain over a section of the reef. Two more 
divers then swam over the top of the reef, one pushing the plastic chain against the reef 
(since the plastic tended to float upwards), while the other videotaped the reef along the 
chain. The most recent video camera used in 2012 was a Sony high-definition HDR-CX 
100. Previous video camera models included 8mm Sony CCD-TR916 as well as the Sony 
CCD-M8U. At each of the ten dive sites, typically eight chain transects were recorded, 
one for each buddy pair. All the videos were later analyzed using slow motion playback. 
Reef biodiversity along each transect was determined for the following categories: 42 
Scleractinian coral species, dead coral, gorgonians, sponges, algae, zoanthids, and empty 
sand. To quantify these data, the number of chain links covering each category was 
counted for every chain transect, with the smallest unit being one chain link that is 3.5 cm 
in length. Then the average percent coverage was calculated for each category at all of 
the dive sites for each year. Only Scleractinian coral species were used for the current 
analysis of coral diversity. For the purposes of this study, all coral species are referred to 
by their scientific names because there are too many common names that differ amongst 
regions. 
 
Fish Diversity Measurements 
 The fish diversity was surveyed using the Reef Environmental Education 
Foundation (REEF, 2012) roving diver method. Divers kept track of fish observed while 
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“roving” around the reef on the second part of their dive (i.e. after they finished with the 
chain transects). Two parameters were obtained: the density index (den) and the sighting 
frequency (% SF). The density index was used for this analysis. It is a density guide that 
measures how many individuals of each species were seen on a given date using the 
following scoring method: 
1 = Single (S), 1 fish 
2 = Few (F), 2-10 fish 
3 = Many (M), 11-100 fish 
4 = Abundant (A), more than 100 fish 
A weighted density average was calculated using the following equation: 
          (S * 1) + (F * 2) + (M * 3) + (A * 4) 
Den = ------------------------------------------------------------------ 
         (# of surveys in which each species was observed) The	  list	  of	  fish	  species	  provided	  by	  the	  Reef	  Environmental	  Education	  Foundation	  (REEF)	  was	  used	  for	  the	  fish	  identifications.	  For	  the	  purposes	  of	  this	  study,	  all	  fish	  species	  are	  referred	  to	  by	  their	  common	  name.	  However,	  a	  complete	  list	  of	  the	  scientific	  fish	  names	  can	  be	  found	  at	  www.REEF.org.	  	  	  	  
Cluster	  Analyses	  
	  	   A	  hierarchical	  cluster	  analysis	  is	  a	  statistical	  procedure	  that	  divides	  data	  into	  clusters,	  or	  groups,	  based	  on	  similarities	  in	  order	  to	  reduce	  the	  complexities	  of	  large	  data	  sets.	  These	  clusters	  capture	  the	  natural	  structure	  of	  the	  data	  and	  provide	  a	  meaningful	  or	  useful	  understanding	  of	  the	  patterns/	  trends	  found	  within	  the	  data	  set	  (Tan,	  Steinbach,	  &	  Kumar,	  2005).	  The	  clusters	  are	  created	  based	  on	  information	  found	  within	  a	  data	  set	  that	  describes	  the	  data	  points	  and	  their	  relationships.	  The	  greater	  the	  homogeneity	  within	  a	  group	  and	  the	  greater	  the	  difference	  between	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groups,	  the	  more	  distinct	  the	  clusters	  will	  be	  (Tan	  et	  al.	  2005).	  For	  the	  purposes	  of	  this	  paper,	  all	  clusters	  are	  and	  partitional	  and	  complete,	  meaning	  that	  every	  data	  point	  is	  assigned	  (complete)	  to	  only	  one	  well-­‐defined	  group	  (partitional).	  For	  this	  study,	  the	  UPGMA	  algorithm	  was	  used	  and	  either	  the	  Euclidean	  (for	  coral	  species)	  or	  Correlation	  (for	  fish	  species)	  measure	  of	  similarity	  were	  used	  for	  the	  cluster	  analyses	  in	  order	  to	  find	  commonalities	  amongst	  data	  points	  and	  to	  define	  what	  constitutes	  a	  cluster	  (Tan	  et	  al.	  2005).	  Paleontological	  Statistics	  (PAST)	  software	  was	  used	  to	  perform	  all	  cluster	  analyses	  (Hammer,	  2012).	  	  	  
Principal	  Component	  Analyses	  (PCA)	  
	   Principal	  component	  analysis	  is	  a	  non-­‐parametric	  statistical	  procedure	  that	  can	  also	  be	  used	  to	  reduce	  the	  complexity	  of	  a	  large	  data	  set.	  There	  are	  three	  main	  goals	  of	  PCA:	  find	  the	  most	  important	  information	  from	  the	  data	  set,	  reduce	  the	  size	  of	  the	  data,	  and	  analyze	  the	  structure	  of	  the	  variables	  within	  a	  map,	  or	  graph	  (Abdi	  &	  Williams,	  2010;	  Shlens,	  2003).	  This	  method	  uses	  orthogonal	  transformation	  to	  convert	  possibly	  correlated	  data	  points	  into	  a	  reduced	  set	  of	  linearly	  uncorrelated	  variables,	  or	  principal	  components.	  In	  this	  case,	  orthogonality	  refers	  to	  the	  perpendicularity	  of	  two	  lines	  in	  n	  dimensions	  and	  the	  generalization	  of	  this	  relation	  being	  uncorrelated,	  non-­‐overlapping,	  or	  having	  independent	  variables.	  PCA	  contains	  the	  eigendecomposition	  of	  positive	  semi-­‐definite	  matrices	  as	  well	  as	  the	  singular	  value	  decomposition	  (SVD)	  of	  rectangular	  matrices	  (Abdi	  &	  Williams,	  2010).	  These	  matrices	  lead	  to	  the	  computation	  of	  a	  linear	  equation	  of	  best	  fit,	  which	  creates	  an	  axis	  that	  best	  describes	  the	  variation	  amongst	  the	  data.	  The	  first	  axis,	  or	  principal	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component,	  will	  account	  for	  the	  most	  variation	  within	  the	  data	  set.	  The	  second	  principal	  component	  will	  account	  for	  the	  most	  residual	  variation	  left	  within	  the	  data	  set,	  under	  the	  constraint	  that	  it	  is	  orthogonal	  to	  the	  preceding	  component,	  etc.	  	  In	  other	  words,	  after	  the	  first	  principal	  component	  is	  created,	  additional	  axes	  may	  be	  found	  to	  help	  explain	  even	  more	  of	  the	  variation	  within	  the	  data	  set;	  this	  is	  when	  perpendicularity	  comes	  into	  account	  (Shlens,	  2003).	  	  In	  the	  PCA	  framework,	  the	  correlation	  between	  the	  principal	  component	  (an	  axis)	  and	  a	  variable	  (a	  point	  within	  the	  graph)	  indicates	  the	  information	  they	  share	  (Abdi	  &	  Williams,	  2010).	  In	  this	  case,	  covariance	  measures	  were	  used	  when	  analyzing	  the	  coral	  data,	  while	  correlation	  measures	  were	  used	  when	  analyzing	  both	  the	  coral	  and	  fish	  data	  together	  because	  of	  the	  difference	  in	  units.	  It	  is	  also	  important	  to	  note	  that	  the	  data	  in	  this	  study	  were	  not	  standardized	  for	  this	  test	  so	  that	  the	  results	  would	  show	  which	  species	  are	  most	  abundant.	  Again,	  Paleontological	  Statistics	  (PAST)	  software	  was	  used	  to	  perform	  all	  principal	  component	  analyses	  (Hammer,	  2012).	  	  	   	  
Additional	  Notes	  	   Prior	  to	  2004,	  Don	  Foster’s	  Casuarina	  Point	  was	  named	  Parrot’s	  Landing.	  For	  the	  purpose	  of	  clarification	  throughout	  this	  study,	  this	  site	  is	  only	  referred	  to	  as	  Casuarina	  Point.	  However,	  take	  note	  that,	  in	  other	  literature,	  this	  site	  may	  also	  be	  referred	  to	  as	  Parrot’s	  Landing.	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Results	  
	  
	   	   High-­‐energy	  exposed	  sites	  (red)	  included	  Beach	  Bay	  (BB)	  and	  Halfmoon	  Bay	  (HM).	  High-­‐energy	  protected	  sites	  (lavender)	  included	  Spanish	  Bay	  (SB)	  and	  Turtle	  Farm	  (TF).	  Lastly,	  low-­‐energy	  protected	  sites	  (black)	  included	  Casuarina	  Point	  (CP),	  Cemetary	  Reef	  (CR),	  Coconut	  Harbor	  (CH),	  Devil’s	  Grotto	  (DG),	  Smith’s	  Cove	  (SC),	  Sunset	  House	  (SH),	  and	  Sea	  View	  (SV)	  (Figure	  16).	  	  
Figure	  16:	  Map	  of	  Grand	  Cayman	  depicting	  high-­‐energy	  exposed	  sites	  (red),	  high-­‐energy	  protected	  sites	  (lavender)	  and	  low-­‐energy	  protected	  sites	  (black).	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Cluster	  Analyses	  of	  the	  Coral	  Data	  
	   The	  results	  of	  the	  cluster	  analyses	  showed	  strong	  patterns	  of	  wave-­‐exposure	  amongst	  the	  coral	  populations	  in	  a	  given	  year.	  For	  years	  2002,	  2004	  and	  2006	  the	  cluster	  analyses	  indicated	  that	  the	  low-­‐energy	  protected	  sites	  cluster	  together	  first	  (i.e.	  are	  most	  similar	  to	  each	  other),	  then	  high-­‐energy	  protected	  sites	  are	  included	  and	  lastly	  high-­‐energy	  exposed	  sites	  are	  added	  in	  (Figures	  17,	  18	  &	  19).	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Figure	  18:	  Cluster	  Analysis	  of	  the	  corals	  at	  the	  dive	  sites	  analyzed	  during	  2004.	  
	   	  
Figure	  19:	  Cluster	  Analysis	  of	  the	  corals	  at	  the	  dive	  sites	  analyzed	  during	  2006.	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Figure	  20:	  Cluster	  Analysis	  of	  the	  corals	  at	  the	  dive	  sites	  analyzed	  during	  2000.	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   The	  cluster	  analysis	  for	  the	  1998	  coral	  data	  indicated	  patterns	  reflecting	  wave-­‐exposure	  as	  well.	  These	  results	  showed	  that	  high-­‐energy	  sites	  group	  together	  first,	  followed	  by	  low-­‐energy	  sites.	  However,	  it	  is	  unexpected	  to	  see	  Coconut	  Harbor,	  a	  low-­‐energy	  protected	  site,	  to	  be	  clustered	  in	  with	  the	  high-­‐energy	  sites	  (Figure	  22).	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Figure	  23:	  Cluster	  Analysis	  of	  the	  corals	  at	  the	  dive	  sites	  analyzed	  during	  2008.	  	  	  	  	  	  
Figure	  24:	  Cluster	  Analysis	  of	  the	  corals	  at	  the	  dive	  sites	  analyzed	  during	  2010.	  	   	  	  
	   47	  
	   When	  combining	  the	  coral	  data	  from	  all	  sites	  and	  all	  years	  the	  cluster	  analyses	  did	  not	  show	  any	  distinctive	  spatial	  or	  temporal	  patterns	  (Figures	  25	  &	  26).	  However,	  year	  ranges	  that	  clumped	  together	  in	  the	  following	  categories	  may	  possibly	  indicate	  a	  slight	  temporal	  pattern:	  early	  years	  (approximately	  1998-­‐	  2002),	  intermediate	  years	  (approximately	  2004-­‐	  2008)	  and	  late	  years	  (roughly	  2010	  and	  2012)	  (Figure	  26).	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Figure	  25:	  Cluster	  Analysis	  of	  the	  corals	  at	  the	  dive	  sites	  analyzed	  during	  1998-­‐	  2012.	  Color	  coded	  by	  site.	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Figure	  26:	  Cluster	  Analysis	  of	  the	  corals	  at	  the	  dive	  sites	  analyzed	  during	  1998-­‐	  2012.	  Color	  coded	  by	  year.	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Principal	  Component	  Analyses	  (PCA)	  of	  the	  Coral	  Data	  	   For	  the	  coral	  data	  collected	  during	  1998,	  the	  principal	  component	  analysis,	  including	  just	  component	  1	  and	  component	  2,	  accounted	  for	  80.03%	  of	  the	  total	  variation	  of	  coral	  composition	  amongst	  sites	  (component	  1	  =	  49.87%;	  component	  2=	  30.16%).	  The	  most	  influential	  loading	  coefficients	  for	  component	  1	  were	  
Montastraea	  annularis	  (0.7204),	  Colpophyllia	  natans	  (0.1424),	  Montastraea	  
cavernosa	  (-­‐0.6355)	  and	  Agaricia	  agaricites	  (-­‐0.2032).	  For	  component	  2	  the	  most	  influential	  loading	  coefficients	  were	  Montastraea	  annularis	  (0.6338)	  and	  
Montastraea	  cavernosa	  (0.7239),	  Colpophyllia	  natans	  (-­‐0.1917)	  and	  Agaricia	  
agaricites	  (-­‐0.1416).	  Similar	  to	  the	  results	  of	  the	  cluster	  analysis	  for	  the	  1998	  coral	  populations,	  the	  principal	  component	  analysis	  indicated	  that	  the	  low-­‐energy	  sites	  cluster	  together	  as	  do	  the	  high-­‐energy	  sites,	  with	  the	  exception	  of	  Coconut	  Harbor	  clustering	  in	  with	  the	  high-­‐energy	  sites.	  These	  results	  showed	  the	  relative	  importance	  for	  each	  species	  at	  each	  site.	  	  For	  the	  high-­‐energy	  sites,	  M.	  annularis,	  C.	  
natans,	  and	  A.	  agaricites	  were	  the	  most	  abundant	  species	  found	  at	  Beach	  Bay	  and	  Halfmoon	  Bay	  compared	  to	  Spanish	  Bay	  and	  Turtle	  Farm	  that	  both	  have	  higher	  relative	  abundances	  of	  M.	  cavernosa	  and	  A.	  agaricites.	  For	  the	  low-­‐energy	  sites,	  Casuarina	  Point,	  Devil’s	  Grotto	  and	  Smith’s	  Cove	  had	  higher	  relative	  abundances	  of	  
M.	  cavernosa	  and	  M.	  annularis,	  with	  the	  exception	  of	  Coconut	  Harbor	  that	  had	  higher	  abundances	  of	  C.	  natans	  and	  A.	  agaricites	  (Figures	  27).	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Figure	  27:	  Principal	  Component	  Analysis	  of	  the	  coral	  data	  collected	  during	  1998.	  	  	  	   The	  PCA	  for	  the	  2000	  coral	  data	  accounted	  for	  79.71%	  of	  the	  total	  variation	  of	  coral	  composition	  amongst	  sites	  (component	  1	  =	  45.44%;	  component	  2=	  34.27%).	  The	  most	  influential	  loading	  coefficients	  for	  component	  1	  were	  M.	  
cavernosa	  (0.8393),	  Siderastraea	  radians	  (0.2206)	  and	  M.	  annularis	  (-­‐0.3841).	  For	  component	  2	  the	  most	  influential	  loading	  coefficients	  were	  M.	  annularis	  (0.71),	  M.	  
cavernosa	  (0.4059),	  C.	  natans	  (0.3281),	  S.	  radians	  (0.2802)	  and	  Diploria	  
labyrinthiformis	  (0.2027).	  Unlike	  the	  cluster	  analysis	  for	  2000,	  the	  PCA	  indicated	  that	  Spanish	  Bay	  is	  clustered	  closer	  to	  the	  low-­‐energy	  sites,	  rather	  than	  the	  high-­‐energy	  sites	  (Figures	  20	  &	  28).	  According	  to	  component	  1,	  the	  coral	  composition	  at	  Turtle	  Farm	  varied	  greatly	  from	  the	  other	  sites	  surveyed	  during	  2000.	  These	  results	  indicated	  that	  Turtle	  Farm	  has	  higher	  relative	  abundances	  of	  M.	  cavernosa	  and	  S.	  
radians	  compared	  to	  the	  other	  sites.	  Likewise,	  according	  to	  component	  2,	  the	  coral	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composition	  at	  Beach	  Bay	  varied	  greatly	  from	  the	  other	  sites.	  The	  PCA	  showed	  that	  Beach	  Bay	  had	  relatively	  higher	  abundances	  of	  M.	  annularis,	  M.	  cavernosa,	  C.	  natans,	  
S.	  radians,	  and	  D.	  labyrinthiformis,	  with	  emphasis	  on	  the	  Montastraea	  species	  (Figure	  28).	  	  	  	  
	  
Figure	  28:	  Principal	  Component	  Analysis	  of	  the	  coral	  data	  collected	  during	  2000.	  	   	  	  The	  results	  from	  the	  principal	  component	  analysis	  for	  the	  2002	  coral	  data	  accounted	  for	  84.19%	  of	  the	  total	  variation	  of	  coral	  composition	  amongst	  sites	  (component	  1	  =	  64.51%;	  component	  2=	  19.67%).	  The	  most	  influential	  loading	  coefficients	  for	  component	  1	  are	  M.	  annularis	  (0.8156),	  A.	  cervicornis	  (0.1963)	  and	  
M.	  cavernosa	  (-­‐0.5254).	  For	  component	  2	  the	  most	  influential	  loading	  coefficients	  were	  M.	  annularis	  (0.8156),	  M.	  cavernosa	  (0.7353),	  A.	  agaricites	  (0.2879)	  and	  P.	  
porites	  (0.2841).	  Similar	  to	  the	  cluster	  analysis	  for	  2002,	  the	  results	  showed	  that	  the	  sites	  group	  together	  by	  wave-­‐exposure	  (Figures	  17	  &	  29).	  The	  low-­‐energy	  sites	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clustered	  towards	  the	  middle,	  while	  the	  high-­‐energy	  sites	  separated	  further	  out	  based	  on	  their	  coral	  composition	  (Figure	  29).	  Like	  2000,	  the	  results	  indicated	  that	  Beach	  Bay	  and	  Turtle	  Farm	  are	  the	  most	  different	  sites	  based	  on	  their	  coral	  composition	  (Figures	  28	  &	  29).	  Beach	  Bay	  had	  high	  relative	  abundances	  of	  M.	  
annularis,	  A.	  cervicornis,	  M.	  cavernosa,	  A.	  agaricites	  and	  P.	  porites,	  with	  emphasis	  on	  
M.	  annularis	  species.	  Turtle	  Farm	  had	  a	  similar	  composition	  to	  Beach	  Bay	  with	  high	  relative	  abundances	  of	  M.	  cavernosa,	  M.	  annularis,	  A.	  agaricites,	  and	  P.	  porites,	  but	  an	  emphasis	  on	  M.	  cavernosa	  (Figure	  29).	  	  	  	  
	  	  
Figure	  29:	  Principal	  Component	  Analysis	  of	  the	  coral	  data	  collected	  during	  2002.	  	  	   For	  the	  coral	  data	  collected	  during	  2004,	  the	  principal	  component	  analysis	  accounted	  for	  72.18%	  of	  the	  total	  variation	  of	  coral	  composition	  amongst	  sites	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(component	  1	  =	  50.69%;	  component	  2=	  21.49%).	  The	  most	  influential	  loading	  coefficients	  for	  component	  1	  were	  A.	  cervicornis	  (0.9393),	  Diploria	  strigosa	  (0.1977),	  
M.	  cavernosa	  (-­‐0.1603)	  and	  P.	  astreoides	  (-­‐0.1293),	  clearly	  with	  the	  emphasize	  being	  on	  A.	  cervicornis.	  For	  component	  2	  the	  most	  influential	  loading	  coefficients	  were	  M.	  
cavernosa	  (0.4457),	  P.	  porites	  (0.4661)	  and	  A.	  agaricites	  (-­‐0.7003).	  Similar	  to	  the	  results	  of	  the	  cluster	  analysis	  for	  the	  2004	  coral	  populations,	  the	  principal	  component	  analysis	  again	  indicated	  that	  the	  sites	  separate	  out	  by	  wave-­‐exposure	  (Figures	  18	  &	  30).	  In	  particular,	  Beach	  Bay	  was	  the	  most	  different	  site	  based	  on	  coral	  composition.	  This	  site	  had	  a	  much	  higher	  relative	  abundance	  of	  A.	  cervicornis	  compared	  to	  the	  other	  sites.	  Halfmoon	  Bay	  was	  also	  a	  high-­‐energy	  exposed	  site,	  but	  had	  high	  relative	  abundances	  of	  M.	  cavernosa	  and	  P.	  porites.	  The	  remaining	  sites	  seemed	  to	  be	  spread	  out	  based	  on	  component	  2.	  Spanish	  Bay	  in	  particular	  had	  the	  highest	  relative	  abundance	  of	  A.	  agarictites	  (Figure	  30).	  	  
	  
Figure	  30:	  Principal	  Component	  Analysis	  of	  the	  coral	  data	  collected	  during	  2004.	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   The	  PCA	  of	  the	  coral	  data	  collected	  during	  2006	  accounted	  for	  85.81%	  of	  the	  total	  variation	  of	  coral	  composition	  amongst	  sites	  (component	  1	  =	  62.26%;	  component	  2=	  23.55%).	  The	  most	  influential	  loading	  coefficients	  for	  component	  1	  were	  M.	  cavernosa	  (0.9488)	  and	  M.	  annularis	  (-­‐0.2187).	  	  For	  component	  2	  the	  most	  influential	  loading	  coefficients	  were	  A.	  agaricites	  (-­‐0.8784),	  P.	  astreoides	  (0.2900)	  and	  M.	  annularis	  (0.2773).	  	  Unlike	  the	  cluster	  analysis	  performed	  on	  the	  coral	  data	  from	  2006,	  the	  PCA	  did	  not	  show	  distinct	  clusters	  based	  on	  wave-­‐exposure	  (Figures	  19	  &	  31).	  During	  2006,	  Turtle	  Farm	  was	  the	  most	  different	  site	  based	  on	  coral	  composition.	  This	  site	  had	  high	  relative	  abundances	  of	  M.	  cavernosa,	  P.	  astreoides	  and	  M.	  annularis.	  The	  other	  sites	  had	  great	  spread	  based	  on	  component	  2,	  with	  Devil’s	  Grotto	  having	  high	  relative	  abundances	  of	  P.	  astreoides	  and	  M.	  annularis	  and	  Sea	  View	  having	  a	  high	  relative	  abundance	  of	  A.	  agaricites	  (Figure	  31).	  	  
	  
Figure	  31:	  Principal	  Component	  Analysis	  of	  the	  coral	  data	  collected	  during	  2006.	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The	  results	  from	  the	  PCA	  of	  the	  coral	  data	  collected	  during	  2008	  accounted	  for	  76.87%	  of	  the	  total	  variation	  of	  coral	  composition	  amongst	  sites	  (component	  1	  =	  55.26%;	  component	  2=	  21.61%).	  The	  most	  influential	  loading	  coefficient	  for	  component	  1	  was	  M.	  annularis	  (0.9799).	  For	  component	  2	  the	  most	  influential	  loading	  coefficients	  were	  A.	  agaricites	  (0.8819),	  Millepora	  alcicornis	  (0.2222)	  and	  
Stephanocoenia	  michilini	  (-­‐0.2308).	  Similar	  to	  the	  cluster	  analysis	  for	  the	  2008	  coral	  data,	  the	  PCA	  showed	  no	  distinct	  clusters	  based	  on	  wave-­‐exposure	  (Figures	  23	  &	  32).	  In	  fact,	  the	  results	  indicated	  that	  there	  was	  more	  spread	  amongst	  sites	  during	  this	  year	  than	  any	  other	  year.	  Sea	  View	  had	  high	  relative	  abundances	  of	  M.	  annularis	  and	  S.	  michilini,	  while	  Cemetary	  Reef	  had	  a	  high	  relative	  abundance	  of	  S.	  michilini	  and	  a	  low	  relative	  abundance	  of	  M.	  annularis.	  Devil’s	  Grotto	  had	  a	  high	  relative	  abundance	  of	  S.	  michilini,	  compared	  to	  Casuarina	  Point,	  which	  had	  high	  relative	  abundances	  of	  A.	  agaricites,	  M.	  alcicornis	  and	  M.	  annularis	  (Figure	  32).	  
	  
Figure	  32:	  Principal	  Component	  Analysis	  of	  the	  coral	  data	  collected	  during	  2008.	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   For	  the	  coral	  data	  collected	  during	  2010,	  the	  principal	  component	  analysis,	  including	  component	  1	  and	  component	  2,	  accounted	  for	  72.07%	  of	  the	  total	  variation	  amongst	  coral	  composition	  at	  each	  site	  (component	  1	  =	  44.75%;	  component	  2=	  27.32%).	  The	  most	  influential	  loading	  coefficient	  for	  components	  1	  were	  M.	  cavernosa	  (0.928),	  A.	  agaricites	  (0.2613)	  and	  A.	  cervicornis	  (-­‐0.1851).	  For	  component	  2	  the	  most	  influential	  loading	  coefficients	  were	  A.	  agaricites	  (0.8067),	  P.	  
astreoides	  	  (0.2794),	  A.	  cervicornis	  (-­‐0.3911)	  and	  M.	  cavernosa	  (-­‐0.3033).	  Again,	  similar	  to	  the	  cluster	  analysis	  performed	  on	  the	  2010	  coral	  data,	  the	  PCA	  for	  these	  data	  did	  not	  show	  distinct	  patterns	  amongst	  wave-­‐exposure	  (Figures	  24	  &	  33).	  Although	  Turtle	  Farm	  and	  Halfmoon	  Bay	  were	  separated	  further	  out	  from	  the	  other	  sites,	  Spanish	  Bay	  was	  clustered	  right	  in	  the	  middle	  of	  a	  number	  of	  low-­‐energy	  sites.	  These	  results	  show	  that	  Turtle	  Farm	  had	  high	  relative	  abundances	  of	  M.	  cavernosa	  and	  A.	  agaricites,	  while	  Spanish	  Bay	  had	  high	  relative	  abundances	  of	  A.	  cervicornis,	  A.	  
agaricites	  and	  P.	  astreoides.	  Halfmoon	  Bay	  had	  high	  relative	  abundances	  of	  A.	  
cervicornis	  and	  M.	  cavernosa.	  Lastly,	  the	  low-­‐energy	  sites	  had	  high	  separation	  across	  the	  component	  1	  and	  2	  axes	  (Figure	  33).	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Figure	  33:	  Principal	  Component	  Analysis	  of	  the	  coral	  data	  collected	  during	  2010.	  	  	   Lastly,	  the	  PCA	  for	  the	  coral	  data	  collected	  during	  2012	  accounted	  for	  70.55%	  of	  the	  total	  variation	  of	  coral	  composition	  amongst	  sites	  (component	  1	  =	  48.87%;	  component	  2=	  21.68%).	  The	  most	  influential	  loading	  coefficients	  for	  component	  1	  were	  A.	  agaricites	  (0.7265),	  M.	  cavernosa	  (0.2809),	  M.	  annularis	  (-­‐0.5632)	  and	  C.	  natans	  (-­‐0.1902).	  For	  component	  2	  the	  most	  influential	  loading	  coefficients	  were	  P.	  astreoides	  (0.6374),	  M.	  cavernosa	  (0.5958)	  and	  M.	  annularis	  (0.428).	  The	  results	  show	  that	  there	  was	  high	  separation	  amongst	  the	  sites	  based	  on	  wave-­‐exposure	  (Figures	  34).	  Turtle	  Farm	  and	  Spanish	  Bay	  were	  similar	  in	  coral	  composition	  because	  they	  both	  had	  high	  relative	  abundances	  of	  A.	  agaricites	  and	  M.	  
cavernosa,	  but	  these	  two	  sites	  differ	  from	  each	  other	  because	  Turtle	  Farm	  also	  had	  high	  relative	  abundances	  of	  P.	  astreoides,	  M.	  cavernosa	  and	  M.	  annularis,	  while	  Spanish	  Bay	  did	  not.	  Beach	  Bay	  varied	  greatly	  from	  these	  two	  sites	  based	  on	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component	  1.	  Rather	  than	  high	  relative	  abundances	  of	  A.	  agaricites	  and	  M.	  
cavernosa,	  Beach	  Bay	  had	  high	  relative	  abundances	  of	  M.	  annularis	  and	  C.	  natans.	  Lastly,	  the	  low-­‐energy	  sites	  had	  great	  spread	  based	  on	  component	  2.	  Smith’s	  Cove	  had	  high	  relative	  abundances	  of	  P.	  astreoides,	  M.	  cavernosa	  and	  M.	  annularis,	  while	  Cemetary	  Reef	  had	  low	  relative	  abundances	  of	  these	  species	  (Figure	  34).	  
	  	  
Figure	  34:	  Principal	  Component	  Analysis	  of	  the	  coral	  data	  collected	  during	  2012.	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Cluster	  Analyses	  of	  the	  Fish	  Data	  	  	   When	  combining	  the	  fish	  data	  from	  all	  sites	  and	  all	  years	  the	  cluster	  analysis	  showed	  a	  strikingly	  strong	  temporal	  pattern.	  The	  individual	  years	  almost	  exclusively	  separated	  out,	  with	  the	  exception	  of	  the	  1998	  and	  2002	  data	  intermixing	  (Figure	  35).	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Figure	  35:	  Cluster	  Analysis	  of	  the	  fish	  at	  the	  dive	  sites	  analyzed	  during	  1998-­‐	  2012.	  Color	  coded	  by	  year.	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   The	  results	  from	  the	  cluster	  analyses	  showed	  strong	  temporal	  patterns	  amongst	  the	  fish	  populations	  found	  at	  each	  dive	  site.	  The	  years	  clumped	  together	  into	  the	  following	  time	  ranges:	  early	  years	  (1998-­‐	  2002),	  intermediate	  years	  (2004-­‐	  2008)	  and	  late	  years	  (2010	  and	  2012).	  The	  results	  indicated	  that	  2006	  and	  2008	  cluster	  together,	  with	  2010	  and	  2012	  following	  after	  (Figures	  36	  &	  37).	  	  
Figure	  36:	  Cluster	  Analysis	  of	  the	  fish	  at	  Cemetary	  Reef	  2006-­‐2012.	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Figure	  37:	  Cluster	  Analysis	  of	  the	  fish	  at	  Sunset	  House	  during	  2006-­‐	  2012.	  	  	  	  Beach	  Bay,	  Casuarina	  Point,	  Devil’s	  Grotto,	  Spanish	  Bay,	  and	  Turtle	  Farm	  all	  had	  similar	  results	  to	  the	  previous	  sites,	  but	  showed	  a	  large	  difference	  between	  the	  early	  years,	  which	  clustered	  together	  first,	  and	  the	  intermediate	  and	  late	  years,	  which	  clustered	  together	  separately.	  These	  results	  even	  indicated	  that	  the	  intermediate	  years	  closely	  cluster	  together	  and	  then	  the	  late	  years	  cluster	  in	  afterwards	  (Figures	  38-­‐42).	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Figure	  38:	  Cluster	  Analysis	  of	  the	  fish	  at	  Beach	  Bay	  during	  2000-­‐	  2012.	  	  	  	  	  
	  
Figure	  39:	  Cluster	  Analysis	  of	  the	  fish	  at	  Casuarina	  Point	  during	  2000-­‐	  2012.	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Figure	  40:	  Cluster	  Analysis	  of	  the	  fish	  at	  Devil’s	  Grotto	  during	  1998-­‐	  2012.	  	  	  	  
	  
Figure	  41:	  Cluster	  Analysis	  of	  the	  fish	  population	  at	  Spanish	  bay	  during	  1998-­‐	  2012.	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Figure	  42:	  Cluster	  Analysis	  of	  the	  fish	  at	  Turtle	  Farm	  during	  1998-­‐	  2012.	  	   	  The	  results	  from	  the	  cluster	  analyses	  of	  Smith’s	  Cove	  and	  Sea	  View	  again	  showed	  consistent	  temporal	  patterns.	  However,	  the	  data	  from	  these	  two	  sites	  showed	  that	  there	  is	  an	  even	  stronger	  distinction	  between	  the	  three	  time	  ranges:	  early,	  intermediate,	  and	  late	  years,	  which	  were	  indicated	  by	  three	  initial	  clusters	  for	  each	  time	  range.	  After	  this	  initial	  clustering,	  the	  time	  ranges	  then	  clustered	  with	  one	  another	  indicating	  that	  the	  intermediate	  and	  late	  years	  are	  more	  similar	  to	  each	  other	  than	  the	  early	  years	  (Figures	  43	  &	  44).	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Figure	  43:	  Cluster	  Analysis	  of	  the	  fish	  at	  Smith’s	  Cove	  during	  1998-­‐	  2012.	  	  	  	  	  
Figure	  44:	  Cluster	  Analysis	  of	  the	  fish	  at	  Sea	  View	  during	  2000-­‐	  2012.	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Principal	  Component	  Analysis	  (PCA)	  of	  the	  Fish	  Data	  	   Just	  like	  the	  cluster	  analysis	  for	  the	  fish	  data	  across	  all	  years,	  the	  PCA	  showed	  striking	  temporal	  patterns	  amongst	  fish	  populations	  (Figures	  35	  &	  45).	  For	  this	  analysis,	  components	  1	  and	  2	  accounted	  for	  42.11%	  of	  the	  total	  variation	  of	  the	  fish	  populations	  amongst	  sites	  (component	  1=	  31.88%;	  component	  2=	  10.23%).	  Although	  loading	  coefficients	  were	  obtained	  for	  each	  fish	  species,	  they	  were	  not	  as	  distinct	  for	  the	  fish	  as	  there	  was	  for	  the	  coral.	  The	  top	  influential	  species	  based	  on	  component	  1	  were	  the	  sunshinefish	  (0.2249),	  cubbyu	  (0.2025),	  jolthead	  porgy	  (0.1941),	  longfin	  damselfish	  (0.1902),	  blue	  chromis	  (-­‐0.237),	  brown	  chromis	  (-­‐0.1974)	  and	  bicolor	  damselfish	  (-­‐0.1824).	  For	  component	  2	  the	  top	  influential	  species	  were	  blue	  tang	  (0.3357),	  stoplight	  parrotfish	  (0.2608),	  yellowtail	  snapper	  (0.2566)	  and	  blackear	  wrasse	  (-­‐0.119).	  The	  results	  from	  the	  PCA	  indicated	  that	  during	  the	  early	  years	  the	  fish	  populations	  were	  moving	  down	  the	  y-­‐axis	  for	  component	  2	  and	  then	  the	  early	  years	  and	  intermediate/	  later	  years	  separated	  out	  based	  on	  the	  x-­‐axis	  of	  component	  1.	  Lastly,	  the	  intermediate	  and	  later	  years	  separated	  across	  the	  y-­‐axis	  again,	  with	  the	  fish	  population	  trend	  moving	  towards	  the	  positive	  side	  of	  the	  y-­‐axis	  (Figure	  45).	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Figure	  45:	  Principal	  Component	  Analysis	  of	  the	  fish	  data	  collected	  during	  1998-­‐	  2012.	  Color	  coded	  by	  year.	  	  	  	  	  	  	  	  
Spearman’s	  Rank	  Correlations	  between	  Coral	  and	  Fish	  Species	  	  	   The	  results	  from	  the	  Spearman’s	  rank	  correlation	  test	  showed	  that	  there	  were	  numerous	  significant	  relationships	  between	  coral	  and	  fish	  species.	  This	  test	  indicated	  that	  there	  are	  both	  positive	  and	  negative	  relationships	  between	  certain	  species	  of	  coral	  and	  fish	  (Table	  1).	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Site-­‐specific	  Correlation	  Analyses	  Site-­‐specific	  correlation	  analyses	  were	  performed	  between	  the	  following	  coral	  and	  fish	  species:	  threespot	  damselfish	  and	  A.	  tenuifolia,	  threespot	  damselfish	  and	  A.	  lamarcki,	  redband	  parrotfish	  and	  P.	  astreoides,	  and	  princess	  parrotfish	  and	  A.	  danai.	  The	  correlation	  results	  for	  the	  threespot	  damselfish	  indicated	  that	  this	  fish	  species	  has	  positive	  correlations	  with	  both	  
A.	  tenuifolia	  and	  A.	  lamarcki.	  (Note	  that	  Spanish	  Bay	  was	  excluded	  from	  the	  threespot-­‐A.	  tenuifolia	  analysis	  because	  no	  A.	  tenuifolia	  was	  recorded	  for	  this	  site).	  The	  redband	  parrotfish	  also	  had	  positive	  correlations	  with	  P.	  astreoides.	  However,	  the	  Princess	  Parrotfish	  had	  negative	  correlations	  with	  A.	  danai.	  It	  is	  interesting	  to	  note	  that	  correlation	  patterns	  occurred	  amongst	  all	  sites,	  even	  though	  these	  sites	  varied	  in	  wave-­‐exposure.	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Figure	  46a:	  Depiction	  of	  the	  correlation	  between	  the	  Threespot	  Damselfish	  and	  A.	  
tenuifolia	  at	  Beach	  Bay.	  
Figure	  46b:	  Depiction	  of	  the	  correlation	  between	  the	  Threespot	  Damselfish	  and	  	  
A.	  tenuifolia	  at	  Casuarina	  Point.	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Figure	  46c:	  Depiction	  of	  the	  correlation	  between	  the	  Threespot	  Damselfish	  and	  	  
A. tenuifolia	  at	  	  Smith’s	  Cove.	  	  
Figure	  47a:	  Depiction	  of	  the	  correlation	  between	  the	  Threespot	  Damselfish	  and	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Figure	  47b:	  Depiction	  of	  the	  correlation	  between	  the	  Threespot	  Damselfish	  and	  	  
A.	  lamarcki	  at	  Casuarina	  Point.	  	  
Figure	  47c:	  Depiction	  of	  the	  correlation	  between	  the	  Threespot	  Damselfish	  and	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Figure	  47d:	  Depiction	  of	  the	  correlation	  between	  the	  Threespot	  Damselfish	  and	  	  
A.	  lamarcki	  at	  Spanish	  Bay.	  	  	  	  
Figure	  48a:	  Depiction	  of	  the	  correlation	  between	  the	  Redband	  Parrotfish	  and	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Figure	  48b:	  Depiction	  of	  the	  correlation	  between	  the	  Redband	  Parrotfish	  and	  	  
P.	  astreoides	  at	  Casuarina	  Point.	  	  
Figure	  48c:	  Depiction	  of	  the	  correlation	  between	  the	  Redband	  Parrotfish	  and	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Figure	  48d:	  Depiction	  of	  the	  correlation	  between	  the	  Redband	  Parrotfish	  and	  	  
P.	  astreoides	  at	  Spanish	  Bay.	  	  
Figure	  49a:	  Depiction	  of	  the	  correlation	  between	  the	  Princess	  Parrotfish	  and	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Figure	  49b:	  Depiction	  of	  the	  correlation	  between	  the	  Princess	  Parrotfish	  and	  	  
A.	  danai	  at	  Casuarina	  Point.	  	  
Figure	  49c:	  Depiction	  of	  the	  correlation	  between	  the	  Princess	  Parrotfish	  and	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Figure	  49d:	  Depiction	  of	  the	  correlation	  between	  the	  Princess	  Parrotfish	  and	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Discussion	  
Summary	  of	  Results	  The	  results	  from	  the	  cluster	  analyses	  and	  principal	  component	  analyses	  for	  the	  coral	  data	  are	  essentially	  showing	  the	  same	  pattern	  of	  wave-­‐exposure.	  These	  analyses	  indicate	  that	  the	  wave-­‐exposure	  trends	  are	  very	  distinct,	  seeing	  as	  the	  same	  results	  are	  being	  obtained	  by	  two	  different	  statistical	  approaches.	  The	  statistical	  tests	  for	  the	  fish	  data	  also	  show	  a	  similarity	  using	  these	  two	  methods.	  While	  there	  are	  no	  distinct	  temporal	  patterns	  amongst	  the	  coral	  populations,	  there	  are	  stronger	  temporal	  patterns	  amongst	  the	  fish	  populations	  than	  among	  sites.	  Lastly,	  the	  Spearman's	  correlation	  test	  indicates	  that	  a	  number	  of	  coral	  and	  fish	  species	  have	  statistically	  significant	  correlations.	  	  	  
Wave-­‐exposure	  Patterns	  of	  Coral	  Reefs	  These	  clear	  patterns	  of	  wave-­‐exposure	  	  (a	  major	  factor	  determining	  coral	  community	  structure)	  that	  emerged	  from	  the	  statistical	  analyses	  are	  similar	  to	  the	  findings	  of	  previous	  studies	  (Adey,	  1978;	  Bradbury	  &	  Young,	  1981;	  Chiappone,	  Sullivan-­‐Sealey,	  Bustamante	  &	  Tschirky,	  2001;	  Dollar,	  1982;	  Connell,	  1978;	  Levin	  &	  Paine,	  1974,	  1975;	  Storlazzi,	  Brown,	  Field,	  Rodgers	  &	  Jokiel,	  2005).	  A	  disturbance	  is	  defined	  by	  any	  event	  in	  time	  that	  disrupts	  the	  equilibrium	  of	  the	  ecosystem,	  population,	  or	  community	  and	  changes	  the	  physical	  environment	  or	  the	  resources	  of	  the	  environment	  (Rogers,	  1993).	  Most	  often	  disturbances	  are	  viewed	  as	  negative	  and	  destructive;	  some	  may	  be	  beneficial	  to	  the	  reef	  ecosystems	  over	  time,	  although,	  this	  will	  vary	  with	  depth/reef	  zones.	  Work	  done	  by	  Adey	  (1978)	  suggests	  a	  reef	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morphogenesis	  model	  of	  growth	  and	  calcification	  rates.	  He	  claims	  that	  moderate	  wave	  energy	  favors	  rapid	  rates	  of	  growth	  and	  composition	  that	  is	  porous	  and	  un-­‐cemented,	  while	  high	  wave	  energy	  favors	  slower	  growth	  rates	  but	  more	  compact	  growth	  patterns.	  While	  growth	  rates	  can	  increase	  with	  moderate	  wave	  energy,	  coral	  growth	  is	  still	  limited	  by	  substrate	  availability,	  crowding/competition,	  and	  the	  proximity	  to	  the	  water	  surface.	  	  The	  patterns	  of	  coral	  diversity	  found	  in	  this	  study	  parallels	  Adey's	  model	  of	  disturbance.	  Beach	  Bay	  and	  Halfmoon	  Bay	  are	  both	  exposed	  to	  high-­‐energy	  wave	  action	  and	  exhibit	  abundances	  of	  M.	  annularis,	  M.	  cavernosa,	  and	  C.	  natans,	  which	  all	  have	  more	  compact	  growth	  patterns.	  Montastraea	  annularis,	  commonly	  referred	  to	  as	  the	  boulder	  star	  coral,	  is	  considered	  to	  be	  the	  most	  abundant	  coral	  species	  within	  the	  Caribbean	  region.	  This	  species	  is	  considered	  to	  be	  highly	  plastic,	  displaying	  a	  variety	  of	  different	  morphologies	  (columns,	  heads,	  plates)	  and	  can	  be	  found	  in	  depths	  ranging	  from	  the	  shallow	  intertidal	  zones	  to	  much	  deeper	  depths	  of	  up	  to	  80	  m	  (Aronson,	  Bruckner,	  Moore,	  Precht	  &	  Weil,	  2008c;	  Weil	  &	  Knowlton,	  1994).	  This	  species	  has	  compact	  growth	  patterns	  of	  large,	  lobate	  branching	  colonies	  formed	  by	  thick,	  disjunct	  columns	  and	  is	  known	  for	  its	  long	  generations,	  low	  recruitment	  rate	  and	  extreme	  longevity	  (Aronson	  et	  al.,	  2008c;	  Weil	  &	  Knowlton,	  1994).	  	  
Montastraea	  cavernosa	  has	  many	  similarities	  to	  M.	  annularis	  seeing	  as	  they	  share	  the	  genus	  of	  Montastraea.	  Commonly	  known	  as	  the	  great	  star	  coral,	  M.	  
cavernosa	  is	  also	  an	  abundant	  species	  in	  the	  Caribbean	  within	  its	  preferred	  depth	  range	  of	  10-­‐30	  m.	  Although	  this	  species	  usually	  forms	  massive	  boulders	  (some	  growing	  as	  big	  as	  two	  meters	  in	  diameter),	  it	  is	  also	  known	  to	  have	  plastic	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capabilities	  and	  can	  be	  seen	  growing	  in	  plate	  formation	  in	  deeper	  depths	  of	  up	  to	  95	  m.	  This	  coral	  species	  has	  a	  high	  tolerance	  for	  turbid	  environments	  with	  relatively	  higher	  levels	  of	  sedimentation	  (Aronson	  et	  al.,	  2008d).	  Similar	  to	  M.	  annularis,	  there	  are	  no	  published	  data	  on	  longevity	  for	  M.	  cavernosa;	  however,	  it	  is	  assumed	  that	  their	  generation	  time	  is	  approximately	  10	  years	  	  
Colpophyllia	  natans	  is	  another	  abundant	  coral	  found	  at	  the	  high-­‐energy	  exposed	  sites	  at	  Grand	  Cayman.	  Commonly	  known	  as	  boulder	  brain	  coral	  or	  large-­‐grooved	  brain	  coral,	  this	  species	  is	  characterized	  by	  large,	  domed	  colonies	  with	  an	  intricate	  network	  of	  ridges	  and	  valleys	  (approximately	  two	  cm	  wide)	  on	  its	  surface.	  It	  is	  primarily	  found	  throughout	  the	  Caribbean	  region	  at	  depths	  of	  0.5	  –	  55	  m	  within	  the	  back	  and	  fore	  reef	  environments.	  The	  robust	  structure	  of	  this	  coral	  species,	  as	  well	  as	  its	  slow	  growth	  pattern	  and	  relatively	  long	  generation	  time,	  enable	  this	  species	  to	  survive	  in	  high-­‐energy	  environments	  (Aronson	  et	  al.,	  2008b).	  	  In	  support	  of	  Adey's	  model	  of	  coral	  growth	  rates,	  the	  results	  from	  these	  high-­‐energy	  sites	  show	  that	  there	  is	  a	  high	  abundance	  of	  compactly	  growing	  M.	  annularis,	  
M.	  cavernosa,	  and	  C.	  natans.	  However,	  at	  sites	  with	  relatively	  more	  mild	  to	  moderate	  wave	  action,	  including	  Spanish	  Bay,	  Turtle	  Farm,	  Casuarina	  Point,	  Cemetary	  Reef,	  Devil's	  Grotto,	  Sea	  View,	  Smith's	  Cove,	  Spanish	  Bay	  and	  Sunset	  House,	  M.	  annularis	  and	  M.	  cavernosa	  were	  also	  observed.	  In	  addition	  to	  these	  robust	  species,	  these	  sites	  also	  had	  high	  abundances	  of	  A.	  agaricites	  and	  P.	  astreoides,	  which	  both	  display	  encrusting	  growth	  patterns.	  	  
Agaricia	  agaricites,	  commonly	  known	  as	  lettuce	  coral,	  is	  found	  in	  a	  variety	  of	  reef	  environments,	  including	  shallow	  back	  reefs,	  fore	  reefs,	  lagoons,	  sea-­‐grass	  beds,	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channels	  and	  reef	  platforms,	  reaching	  depths	  of	  up	  to	  75	  m.	  Colonies	  of	  this	  species	  are	  usually	  small-­‐sized	  and	  usually	  begin	  growth	  as	  an	  encrusting	  plate,	  but	  then	  form	  thick	  leaves	  or	  other	  irregular	  projections	  (even	  flat	  plates).	  	  It	  is	  common	  for	  this	  coral	  to	  be	  resistant	  to	  reef	  degradation	  and	  habitat	  loss	  because	  its	  populations	  are	  highly	  connected	  and	  stable	  with	  high	  genetic	  variability.	  In	  addition	  to	  being	  resilient,	  this	  species	  is	  one	  of	  the	  first	  corals	  to	  start	  recolonizing	  after	  a	  disturbance	  or	  catastrophe	  because	  this	  species	  can	  recover	  rapidly	  due	  to	  their	  extremely	  high	  rates	  of	  recruitment	  (Aronson	  et	  al.,	  2008a).	  	  Similar	  to	  A.	  agaricites,	  P.	  astreoides,	  commonly	  known	  as	  mustard	  hill	  coral	  or	  yellow	  porites,	  is	  also	  found	  in	  a	  wide	  range	  of	  reef	  environments.	  This	  small-­‐sized	  species	  is	  abundant	  in	  the	  exposed	  habitats	  of	  the	  fore	  reef	  (1-­‐15m),	  although	  it	  is	  also	  found	  in	  the	  deep	  reef	  habitats	  of	  the	  back	  reef	  (reaching	  depths	  up	  to	  70	  m)	  and	  even	  sub-­‐tidal	  rocky	  environments	  and	  sea-­‐grass	  beds.	  While	  located	  in	  shallow	  depths,	  this	  species	  has	  a	  more	  encrusting	  form,	  but	  in	  medium	  depths	  P.	  
astreoides	  has	  a	  mounded,	  semi-­‐spherical	  morphology.	  In	  deep	  depths	  or	  caves,	  P.	  
astreoides	  can	  even	  have	  a	  plate-­‐like	  structure	  in	  order	  to	  receive	  the	  maximum	  amount	  of	  light.	  In	  addition	  to	  living	  in	  a	  wide	  range	  of	  depths,	  this	  resilient	  species	  can	  also	  be	  found	  in	  habitats	  with	  high	  sedimentation	  and	  turbidity.	  Like	  A.	  
agaricites,	  this	  species	  has	  relatively	  high	  rates	  of	  recruitment	  and	  is	  able	  to	  quickly	  recolonize	  at	  sites	  that	  experienced	  a	  recent	  disturbance/catastrophe.	  There	  are	  no	  published	  data	  on	  longevity	  for	  P.	  astreoides.	  However,	  it	  is	  assumed	  that	  their	  generation	  time	  is	  approximately	  10	  years	  (Aronson	  et	  al.,	  2008e).	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According	  to	  Adey's	  morphogenesis	  model,	  it	  would	  have	  been	  expected	  to	  see	  more	  porous	  and	  un-­‐cemented	  coral	  species	  within	  the	  sites	  that	  had	  low	  to	  moderate	  wave-­‐exposure,	  rather	  than	  dense,	  encrusting	  corals.	  However,	  just	  because	  these	  predicted	  species	  were	  not	  the	  most	  important	  species	  at	  a	  given	  site	  based	  on	  the	  PCA	  analyses,	  does	  not	  mean	  that	  they	  were	  not	  present.	  It	  may	  just	  be	  that	  these	  predicted	  species	  do	  not	  play	  a	  large	  role	  in	  differentiating	  between	  sites.	  More	  research	  is	  needed	  to	  explore	  the	  reef	  composition	  and	  diversity	  of	  each	  site	  included	  in	  this	  study.	  	  Since	  this	  study	  shows	  such	  clear-­‐cut	  patterns	  of	  differences	  in	  coral	  composition	  among	  sites	  due	  to	  wave-­‐exposure,	  future	  research	  should	  consider	  the	  work	  done	  by	  Levin	  and	  Paine	  (1974,	  1975)	  and	  Hughes	  and	  Connell	  (1978)	  to	  further	  investigate	  the	  diversity	  (species'	  richness	  and	  evenness)	  within	  the	  sites	  surveyed.	  Their	  work	  suggests	  that	  disturbances	  within	  coral	  reef	  communities	  might	  be	  a	  key	  factor	  in	  the	  maintenance	  of	  its	  species	  richness.	  According	  to	  Connell's	  model	  of	  intermediate	  disturbance,	  it	  is	  hypothesized	  that	  high	  levels	  of	  species’	  richness	  of	  corals	  will	  result	  from	  intermittent	  disturbances,	  such	  as	  wave	  stress	  and	  hurricanes,	  because	  it	  prevents	  the	  establishment	  of	  highly	  competitive	  species	  and	  provides	  the	  availability	  of	  resources	  to	  new	  pioneer	  species	  (Connell,	  1978;	  Rogers,	  1993;	  Sousa,	  1984;	  Talbot,	  Russell	  &	  Anderson,	  1978).	  However,	  this	  model	  may	  apply	  more	  to	  shallow	  reef	  zones	  than	  to	  deeper	  zones.	  Also,	  low	  species’	  richness	  may	  occur	  if	  disturbances	  are	  too	  frequent/infrequent	  or	  too	  large/small	  (Rogers,	  1993).	  	  Lastly,	  an	  increase	  in	  coral	  species	  richness	  is	  more	  likely	  to	  occur	  at	  a	  site	  that	  has	  not	  been	  disturbed	  for	  some	  time,	  rather	  than	  at	  a	  site	  that	  has	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recently	  experienced	  a	  disturbance	  because	  the	  surviving	  corals	  will	  be	  the	  most	  resilient	  (Rogers,	  1993).	  Highsmith	  and	  his	  colleagues	  (1980)	  believe	  that	  the	  number	  of	  coral	  colonies	  on	  reefs	  is	  increased	  by	  disturbances	  because	  of	  fragmentation,	  which	  is	  when	  a	  section,	  or	  fragment,	  of	  a	  coral	  colony	  breaks	  off	  because	  of	  a	  disturbance,	  but	  then	  continues	  to	  grow	  as	  a	  completely	  separate	  colony.	  The	  main	  benefit	  of	  such	  event	  is	  thought	  to	  be	  the	  redistribution	  of	  corals,	  so	  that	  colony	  growth	  is	  not	  limited	  by	  crowding/competition	  or	  proximity	  to	  sea	  surface	  (Highsmith,	  Riggs,	  &	  D'Antonio,	  1980).	  By	  thinning	  crowded	  or	  slow-­‐growing	  corals,	  coral	  larvae	  are	  able	  to	  settle	  on	  the	  newly	  opened	  substratum,	  and	  regenerative	  coral	  growth	  can	  take	  place.	  Again,	  future	  studies	  are	  needed	  to	  further	  explore	  the	  reef	  composition	  and	  diversity	  resulting	  from	  the	  different	  patterns	  of	  wave-­‐exposure.	  	  	  
Relationships	  Between	  Coral	  and	  Fish	  Populations	  	  	   Although	  this	  study	  did	  not	  focus	  on	  diversity,	  a	  Spearman’s	  rank	  correlation	  analysis	  was	  performed,	  comparing	  all	  of	  the	  coral	  species	  and	  a	  selected	  number	  of	  herbivorous	  and	  corallivorous	  fish	  species.	  	  The	  results	  of	  the	  Spearman’s	  rank	  correlation	  test	  produced	  67	  statistically	  significant	  correlations.	  Of	  these	  correlations,	  31	  were	  positive	  relationships	  and	  36	  were	  negative	  relationships	  (Table	  1).	  	  	  	   Previous	  studies	  have	  indicated	  that	  biotic	  factors	  can	  influence	  reef	  composition	  and	  structure	  in	  addition	  to	  abiotic	  factors,	  such	  as	  wave-­‐exposure	  (Burkepile	  &	  Hay,	  2008;	  Lewis,	  1986;	  Neudecker,	  1979;	  Ogden	  &	  Lobel,	  1978;	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Sammarco	  &	  Carleton,	  1981;	  Wellington,	  1982).	  Some	  research	  suggests	  that	  intense	  algal	  grazing	  by	  herbivorous	  fish	  indirectly	  affects	  the	  coral	  community	  by	  facilitating	  a	  coral-­‐dominated	  community,	  which	  results	  from	  their	  consumption	  of	  macroalgae	  (Burkepile	  &	  Hay,	  2006;	  2008).	  Algal	  consumption	  positively	  (and	  indirectly)	  affects	  the	  recruitment,	  survivorship,	  growth,	  and	  reproduction	  of	  coral	  species	  by	  reducing	  competition	  between	  algae	  and	  coral	  (Burkepile	  &	  Hay,	  2008;	  Lewis,	  1986;	  Ogden	  &	  Lobel,	  1978).	  Furthermore,	  these	  studies	  imply	  that	  herbivores	  add	  resilience	  to	  reef	  habitat	  because	  they	  help	  corals	  to	  quickly	  recover	  after	  a	  disturbance	  by	  keeping	  the	  macroalgae	  at	  low	  levels	  during	  the	  recovery	  process	  (Burkepile	  &	  Hay,	  2008;	  Hughes	  et	  al.,	  2007).	  	   The	  research	  carried	  out	  by	  Burkepile	  &	  Hay	  (2008)	  focused	  on	  the	  indirect	  effects	  of	  algal	  grazing	  by	  redband	  parrotfish	  and	  princess	  parrotfish.	  They	  discovered	  that	  these	  two	  fish	  species	  showed	  complementary	  feeding	  (i.e.	  they	  graze	  on	  different	  types	  of	  algae	  within	  the	  same	  community).	  Redband	  parrotfish	  grazed	  upon	  upright	  macroalgae	  whereas	  princess	  parrotfish	  fed	  on	  turf	  algae.	  	  By	  suppressing	  both	  algal	  groups,	  the	  facilitation	  of	  crustose	  coralline	  algae	  (CCA)	  increased.	  This	  CCA	  is	  beneficial	  for	  a	  reef	  because	  it	  reinforces	  the	  structural	  integrity	  of	  reefs	  and,	  therefore,	  helps	  in	  the	  facilitation	  of	  corals	  by	  providing	  more	  recruitment	  sites.	  	  	   In	  contrast	  to	  the	  findings	  of	  Burkepile	  and	  Hay	  (2008),	  the	  results	  from	  this	  study	  indicate	  that	  there	  are	  also	  direct	  relationships	  between	  various	  coral	  species	  and	  redband	  and	  princess	  parrotfish.	  The	  results	  from	  the	  Spearman’s	  rank	  test,	  as	  well	  as	  the	  site-­‐specific	  correlations,	  show	  that	  the	  redband	  parrotfish	  species	  has	  a	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positive	  relationship	  with	  P.	  astreoides,	  while	  the	  princess	  parrotfish	  species	  has	  a	  negative	  relationship	  with	  A.	  danai	  (Table	  1	  &	  Figures	  48a-­‐49d).	  While	  there	  is	  currently	  no	  literature	  that	  can	  explain	  these	  relationships,	  it	  may	  not	  be	  surprising	  that	  these	  two	  parrotfish	  have	  different	  effects	  on	  coral,	  seeing	  as	  they	  differ	  in	  their	  effects	  on	  algal	  communities.	  These	  differing	  relationships/effects	  should	  be	  further	  studied	  in	  order	  to	  better	  understand	  the	  effects	  of	  fish	  behavior	  on	  the	  growth	  and	  facilitation	  of	  corals.	  	   Similar	  to	  this	  study,	  other	  research	  does	  suggest	  that	  fish	  behavior	  has	  direct	  effects	  on	  coral	  communities	  (Neudecker,	  1979;	  Sammarco	  &	  Carleton,	  1981;	  Wellington,	  1982).	  	  Neudecker’s	  (1979)	  study	  on	  coral	  grazing	  by	  fish	  (on	  the	  reef	  habitats	  of	  Guam)	  measured	  the	  amount	  of	  fish	  feeding	  on	  transplanted	  coral	  colonies	  in	  order	  to	  determine	  the	  effects	  of	  feeding	  on	  coral	  distribution,	  growth,	  zonation	  and	  community	  structure.	  	  His	  work	  suggests	  that	  piscine	  corallivores	  may	  be	  directly	  related	  to	  the	  presence	  or	  absence	  of	  certain	  coral	  species	  found	  on	  a	  reef.	  He	  also	  concluded	  that	  high	  amounts	  of	  grazing	  have	  a	  significant	  effect	  on	  coral	  biomass	  and	  may	  be	  a	  selective	  pressure	  accentuating	  coral	  defense	  mechanisms.	  These	  include	  biochemical	  defense	  mechanisms,	  morphological	  adaptations	  that	  minimize	  predation	  by	  fish	  and	  even	  their	  ability	  to	  quickly	  regenerate	  lost	  material	  from	  predation.	  	   Similar	  work	  done	  by	  Sammarco	  &	  Carleton	  (1981)	  on	  the	  Britomart	  Reef	  (Australia)	  measured	  the	  effects	  of	  fish	  feeding	  on	  coral	  recruitment,	  competitive	  interactions	  amongst	  coral	  species	  and	  reef	  community	  structure.	  Their	  study	  specifically	  focused	  on	  the	  effects	  of	  damselfish	  behavior	  and	  determined	  that	  the	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coral	  recruitment	  within	  the	  damselfish	  territories	  was	  significantly	  greater	  than	  on	  unprotected	  substrate	  that	  was	  exposed	  to	  fish	  grazing.	  Since	  damselfish	  can	  be	  very	  territorial,	  coral	  patches	  of	  high	  diversity	  are	  maintained	  by	  interference	  competition	  of	  the	  damselfish.	  Damselfish	  ward	  off	  competitors	  and,	  therefore,	  protect	  the	  coral	  species	  within	  their	  defended	  territory	  against	  predators.	  	  	  	   Wellington	  (1982)	  also	  carried	  out	  a	  study	  on	  the	  fringing	  reefs	  of	  the	  Gulf	  of	  Panama	  that	  focused	  on	  interactions	  between	  damselfish	  and	  coral.	  This	  study	  determined	  that	  damselfish	  behavior	  helps	  the	  facilitation	  of	  highly	  branched	  corals,	  while	  more	  plate-­‐like	  coral	  species	  suffer	  negative	  effects	  from	  damselfish	  behavior.	  Damselfish	  search	  for	  complex	  substratum	  to	  use	  as	  protective	  hiding	  places	  for	  their	  established	  nesting	  sites	  and	  algal	  mats.	  When	  substratum	  complexity	  is	  reduced,	  damselfish	  will	  abandon	  the	  territory	  in	  search	  of	  habitat	  with	  more	  complexity.	  In	  parallel	  with	  the	  findings	  of	  the	  study	  by	  Sammarco	  &	  Carleton,	  coral	  patches	  were	  protected	  by	  the	  interference	  competition	  of	  the	  damselfish,	  which	  is	  the	  direct	  cause	  for	  increased	  coral	  facilitation.	  Wellington’s	  study	  also	  suggests	  that	  damselfish	  only	  help	  the	  facilitation	  of	  coral	  in	  shallow	  waters	  because	  the	  morphology	  of	  the	  corals	  found	  in	  deep	  water	  are	  not	  accommodating	  for	  damselfish	  territory	  (i.e.	  the	  corals	  present	  in	  deep	  water	  usually	  have	  plated	  morphologies	  in	  order	  to	  maximize	  sunlight	  capture).	  	  	   The	  mechanisms	  of	  the	  coral-­‐fish	  interactions	  of	  these	  previous	  studies	  are	  consistent	  with	  the	  damselfish-­‐coral	  correlation	  results	  obtained	  in	  this	  study.	  The	  results	  from	  the	  site-­‐specific	  correlations	  between	  the	  threespot	  damselfish	  and	  A.	  
lamarcki	  and	  A.	  tenuifolia	  are	  all	  positive	  relationships	  (Figures	  46a-­‐47d	  &	  Table	  1).	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These	  relationships	  indicate	  that	  the	  damselfish	  and	  coral	  species	  are	  benefiting	  from	  each	  other	  in	  some	  way	  and	  that	  when	  one	  animal	  does	  well,	  the	  other	  does	  well	  too.	  However,	  although	  these	  relationships	  may	  be	  most	  easily	  explained	  by	  the	  findings	  of	  Sammarco	  &	  Carleton	  (1981),	  and	  Wellington	  (1982),	  further	  research	  is	  needed	  to	  either	  confirm	  this	  mechanism	  or	  explore	  other	  mechanisms	  that	  could	  be	  responsible	  for	  these	  positive	  relationships.	  	  	   Although	  this	  study	  did	  not	  explore	  the	  individual	  mechanisms	  of	  each	  coral-­‐fish	  relationship,	  these	  finding	  lay	  a	  strong	  foundation	  for	  future	  research	  of	  coral-­‐fish	  interactions.	  Just	  from	  the	  Spearman’s	  rank	  table	  (that	  only	  included	  a	  number	  of	  herbivorous	  and	  corallivorous	  fish)	  67	  statistically	  significant	  relationships	  were	  found	  (Table	  1).	  These	  results	  imply	  that	  there	  could	  be	  hundreds	  of	  other	  fish	  species	  that	  also	  have	  statistical	  relationships	  with	  various	  coral	  species,	  just	  in	  Grand	  Cayman	  alone.	  If	  each	  of	  these	  relationships	  could	  be	  further	  studied,	  a	  better	  understanding	  of	  the	  effects	  of	  fish	  behavior	  on	  the	  growth	  and	  facilitation	  of	  corals	  and	  reef	  composition/zonation	  could	  be	  obtained.	  	  
	  
Trends/Patterns	  of	  Fish	  Communities	  
	   To	  understand	  the	  trends/patterns	  of	  fish	  communities,	  trends/patterns	  of	  coral	  communities	  must	  be	  taken	  into	  account.	  Bottom-­‐up	  effects	  within	  the	  marine	  trophic	  web	  result	  from	  the	  limited	  or	  shifted	  transference	  of	  energy	  from	  one	  trophic	  level	  to	  another.	  With	  the	  coral	  community	  possibly	  being	  affected	  by	  a	  variety	  of	  stressors,	  there	  is	  no	  question	  that	  the	  fish	  community	  is	  being	  affected	  by	  changes	  within	  the	  coral	  community.	  The	  results	  from	  the	  cluster	  analysis	  and	  PCA	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of	  the	  fish	  data	  indicate	  strong	  temporal	  patterns	  amongst	  the	  fish	  populations	  (Figures	  35	  &	  45).	  Although	  direct	  causes	  may	  certainly	  account	  for	  part	  of	  this	  temporal	  pattern,	  I	  speculate	  that	  there	  is	  a	  bottom-­‐up	  effect	  on	  the	  fish	  community.	  Fish	  feed	  from	  three	  different	  food-­‐sources:	  juvenile	  fish,	  coral	  or	  algae.	  Because	  of	  the	  many	  disturbances	  that	  have/are	  affecting	  the	  corals	  of	  Grand	  Cayman,	  communities	  are	  shifting	  from	  being	  coral-­‐dominated	  to	  algal-­‐dominated.	  This	  phase-­‐shift	  is	  caused	  by	  external	  stressors	  that	  are	  changing	  the	  conditions	  of	  the	  marine	  environment,	  enabling	  algae	  to	  outcompete	  corals.	  This	  could	  possibly	  implicate	  shifts	  in	  fish	  assemblages	  to	  become	  more	  dominated	  by	  herbivorous	  fish	  that	  are	  well	  adapted	  to	  feed	  on	  the	  algae,	  rather	  than	  on	  coral	  or	  juvenile	  fish.	  Overall,	  this	  study	  determined	  a	  number	  of	  strong	  patterns	  and	  relationships	  amongst	  coral	  and	  fish	  populations.	  This	  work	  lays	  a	  strong	  foundation	  for	  future	  research	  and	  encourages	  further	  exploration	  of	  trends/patterns	  amongst	  the	  coral	  and	  fish	  communities	  of	  Grand	  Cayman.	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